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Prediction and Research Moored Array in the Tropical Atlantic (PIRATA) records in 
combination with outputs from an Ocean Linear Model (OLM) and altimetric data are used to 
investigate the link between the equatorial Atlantic Ocean dynamics and the variability in the 
coastal region of Angola-Namibia at interannual timescales over 1998 to 2012. The PIRATA 
records help to define an index of equatorial Kelvin wave activities in the Equatorial Atlantic. 
There is a good agreement between PIRATA monthly dynamic height anomalies, altimetric 
monthly sea surface height anomalies (SSHA), and sea level anomalies calculated with an OLM 
at interannual time scales. This allows the interpretation of PIRATA records in terms of 
equatorial Kelvin wave propagations. Extreme warm or cold events in the Angola – Namibia 
area lag strong anomalous eastward equatorial propagations by 1–2 months. Remote equatorial 
forcing via equatorial Kelvin waves which propagate poleward along the west African coast as 
coastal trapped waves is at the origin of their developments. Results show a seasonal phasing, 
with significantly higher correlations between the equatorial index and coastal sea surface 
temperature anomalies (SSTA) off Angola-Namibia in October - April season. Then, a 
systematic study of all the Benguela Niño and Benguela Niña events before 1982 is done using 
an Ocean general circulation model in combination with the OLM outputs from 1958 to 2015. 26 
anomalous strong coastal events (16 warm and 10 cold) are identified. The analysis of their 
evolution confirms the remote equatorial origin of most of these coastal anomalous strong 
events. Modelled meridional transport anomalies across the Angola Benguela Front (ABF) 
contribute to the development of these anomalous coastal warm events. Across the ABF, the 
results obtain with the net temperature transport are similar to the ones with net mass transport. 
Most anomalous events peak in October - April season. Lagged composites of surface 
temperature and wind stress anomalies in the equatorial and southeastern Atlantic reveal that 
both local and remote forcings develop simultaneously 1-2 months before the peak of Benguela 
Niño or Niña. At the monthly scale, local atmospheric forcing is more correlated with anomalous 
coastal events occurring in Southern Angola which is a non-wind-upwelling driven region. The 
results from this thesis open the possibility to predict Benguela Niño and Benguela Niña events 
using an index depicting the equatorial interannual variability associated with Interannual 
Equatorial Kelvin Wave propagation, especially from October to April when the coastal 
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Eastern Boundary Upwelling Systems (EBUS) are among the most productive marine 
ecosystems in the world ocean supporting important fisheries [Bakun et al., 2015]. While EBUS 
cover less than 1% of the world ocean surface, they provide around 20% of the fish catch [Fréon 
et al., 2009]. They are present on both hemispheres in the Pacific Ocean (Peru/Chile or the 
Humboldt Upwelling System (HUS, Figure 1.a) in the south and the California Upwelling 
System (CalUS, Figure 1.b) in the north) and in the Atlantic Ocean (the Canary Upwelling 
System (CUS, Figure 1.c) along the northwest African coast and the Benguela Upwelling 
System (BUS, Figure 1.d) in the south Atlantic). The four major EBUS are subject to the 
atmospheric circulation associated with the subtropical gyres of the Atlantic and the Pacific 
Oceans. EBUS are located on the eastern side of the quasi-stationary high-pressure cells, where 
their dynamics is driven by the prevailing equatorward winds of the eastern flanks of the 
subtropical high pressure system (Figure 1.1, top panels). In association with the Coriolis force 
and the presence of the coastal boundary, coastal alongshore winds blowing equatorward induce 
an offshore surface Ekman flow. Following the principle of mass conservation, this offshore 
advected surface water is replaced by deeper, cold, nutrient-rich waters with high CO2 
concentrations, low pH, and low oxygen concentrations [Garcia-Reyes et al., 2015]. This 
mechanism, called coastal upwelling, is responsible for surface cooler than normal temperature 
(Figure 1.1, top panels) and high chlorophyll concentrations (Figure 1.1, bottom panels) in the 
sunlit layer of the coastal fringe. Many factors can modulate the intensity of the coastal 
upwelling most notably the slope of the continental shelf, the shape of the coast, the intensity or 
direction of the wind, and the water column stratification. One of the most important features of 
the EBUS is that there is an enhanced biological production with high primary production 
(Figure 1.1, bottom panels) in these zones. Therefore, an important pelagic fish stock is found in 
the EBUS. During the upwelling season, upwelling regions show important primary production, 





productive habitat [Chavez et al., 2009]. The economy of countries neighbouring EBUS areas 
rely considerably on these marine resources for food and employment. There is an urgent need to 





Figure 1.1:  High resolution maps of Sea Surface Temperature (SST), winds and chlorophyll-a 
for the four major EBUS. SST (colour shading in top panels) were estimated using MODIS 
monthly data (ftp://podaac.jpl.nasa.gov/OceanTemperature) and averaged from July 2002 to 
April 2008; chlorophyll-a concentrations (colour shading in bottom panels) were estimated from 
SeaWiFS monthly data (https://oceancolor.gsfc.nasa.org) and averaged from September 1997 to 
September 2007; surface winds are estimated from QuikSCAT weekly scatterometer data [Liu et 
al., 1998] and averaged from July 1999 to July 2008. All products were regridded on the 
QuikSCAT grid (0.25°×0.25°). Inserts in the chlorophyll-a maps show the mean primary 
productivity (blue bar) and fish catch (red bar) averaged over the 1998–2005 period. Figure from 





After a brief overview of EBUS worldwide, the introduction will now focus more specifically on 
the dynamic of southeast Atlantic region where the BUS is located. This chapter will be 
organized in four sections: Section 1.1 describes the mean atmospheric and oceanic features as 
well as the surface and subsurface circulation in the Angola-Benguela Upwelling System 
(ABUS). Section 1.2 describes the major interannual warm and cold events in the ABUS also 
called Benguela Niños or Niñas respectively. Section 1.3 will focus on the description of the 
main forcing mechanisms responsible for the generation of Benguela Niño or Niña events. 
Section 1.4 will then present the objectives and outline of this thesis.  
 
1.1 PRESENTATION OF THE STUDY AREA: THE SOUTHEASTERN ATLANTIC OCEAN  
 
1.1.1  Mean atmospheric and oceanic key features, surface and subsurface currents  
 
Compared to the other EBUS, one of the main specific features of the BUS is that it is encircled 
by warm waters at his northern and southern boundaries: tropical water from the equatorial 
Atlantic in the north and warm-water coming from the Agulhas Current in the south. This is well 
observed in Figure 1.2 (left panel) which illustrates the SST and wind stress in austral summer 
in the southeast Atlantic Ocean. The convergence zone between the warm equatorial waters and 
the cold upwelled waters from the BUS form a well-defined meridional thermal front called 
Angola-Benguela Front (ABF) [Shannon et al., 1987; Mohrholz et al., 2001; Veitch et al., 2006] 
as observed in Figure 1.2. Temperature values across the ABF (difference between the northern 
and southern boundaries of the frontal zonal) are 2.4°C in austral winter and 4.2°C in austral 
summer [Veitch et al., 2006]. Veitch et al. [2006] also found a meridional SST gradient of 1°C 
per 34 km across the ABF in austral summer, whereas a 4°C per degree latitude meridional 
gradient was estimated by Colberg and Reason [2006] in the middle of the ABF. The location of 
the ABF changes seasonally: ~16°S in austral winter [Veitch et al., 2006] and further south at 
~17.5°S in austral summer [Shannon et al., 1986; Colberg and Reason, 2006, 2007; Veitch et al., 
2006; Veitch et al., 2010]. The ABF zone is also presented as a transition zone between the north 
tropical ecosystem in Angola and the Northern Benguela Upwelling System (NBUS, from 19°S 





warm SST bias in numerical model especially in coupled ocean-atmosphere model [Richter and 
Xie, 2008; Li and Xie, 2012; Richter et al., 2012; Toniazzo and Woolnough, 2014; Richter et al., 
2014] which can peak up to 8°C [Koseki et al., 2017].  
 
Figure 1.2: Left panel: AVHRR SST [Riesen and Chelton, 2008] and SCOW wind stress [Risien 
and Chelton, 2008] averaged in austral summer (October to March) from September 1999 to 
October 2009. Right panel: Schematic representation of ocean currents in the southeastern 
Atlantic Ocean. Main features are the Equatorial Undercurrent (EUC), the South Equatorial 
Undercurrent (SEUC), the South Equatorial the Counter Current (SECC), the Gabon Current 
(GC), the Angola Gyre (AG), the Angola Current (AC), the Benguela Current (BC), and the 






The causes of the large warm SST biases in the ABF zone are still under debate. Meeuwis and 
Lutjeharms [1990] observed that the southeast Atlantic was under the influence of the seasonal 
shift of the South Atlantic Anticyclone (SAA) which also influences the location of the ABF. 
Figure 1.2 (left panel) shows that along the west African coast, the wind stress is mostly 
southerly (alongshore). The wind stress is stronger south of the ABF where it drives a strong 
upwelling mainly south of 15°S up to the southern tip of Africa [Rouault et al., 2007]. North of 
the ABF, the wind stress is weaker throughout the year [Ostrowski et al., 2009]. Another key 
feature in the southeast Atlantic is the presence of the Angola Gyre (AG) north of the ABF, 
illustrated in Figure 1.2, right panel. The AG is a cyclonic gyre [Mercier et al., 2003] and was 
for the first time described in detail by Moroshkin et al. [1970] during an oceanographic survey 
from in 1968. During this survey, the cyclonic gyre was visible through maps of dynamic 
topography. These maps revealed a cyclonic motion from surface to 300 m depth, located ~14°S 
and 4°E, in which the sea surface height is about 8 dynamic centimeters lower than the 
surrounding region, and a spatial extension of ~1000 km [Moroshkin et al., 1970; Gordon and 
Bosley 1991]. The center of the cyclonic gyre is characterized by high salinity surface water 
caused by a regional excess of evaporation [Gordon and Bosley, 1991] and by low oxygen 
thermocline water [Bubnov, 1972; Gordon and Bosley, 1991]. This might result from the high 
productivity caused by a shallow thermocline and nutricline [Voituriez and Herbland, 1982] and 
a regeneration of water mass in this zone which is a slow process [Poole and Tomczak, 1999]. 
In the southeastern Atlantic Ocean, the variability of the ABUS is under the influence of 
different type of currents flowing either at the surface or in the subsurface (counter currents or 
poleward currents) as illustrated in Figure 1.2, right panel [Rouault et al., 2007; Kopte, 2017]. 
The oceanic circulation is shown in Figure 1.2 (right panel) for the late austral summer based on 
cruise datasets from past studies [Gordon and Bosley, 1991; Shannon and Nelson, 1996; 
Gammelsrød et al., 1998; Stramma and Schott, 1999; Lass et al., 2000; Mercier et al., 2003; 
Schott et al., 2004]. This includes from the equator to the south Pole: The Equatorial Under 
Current (EUC) which is an eastward flowing subsurface current (it flows opposite to the trade 
winds following the depth-dependent eastward pressure gradient [Brandt et al., 2014]). The EUC 
is mainly fed by the waters coming from the north Brazil Current which flows northward along 
the Brazilian coast in the western part of the Atlantic Ocean [Hazeleger et al., 2003]. The EUC 





the western boundary. Further East, from 1°S to ~6°S the poleward Gabon Current (GC) is a 
subsurface flowing current, fed partly by the EUC [Wacongne, 1988; Verstraete, 1992]. South of 
the EUC, the South Equatorial Under Current (SEUC) flows eastward below the thermocline 
between 3°S to 5°S [Mercier et al., 2003]. South of the SEUC, between 7°S and 9°S [Gordon 
and Bosley, 1991], there is a remarkable eastward flowing current called the South Equatorial 
Counter Current (SECC) which turns southward towards the African coast. Like the EUC, 
relative maxima in salinity or oxygen characterize the SECC and SEUC. The SECC contributes 
to the northern limb of the AG [Mercier et al., 2003]. The southward-flowing warm Angola 
Current (AC) is found on the eastern limb of the AG. Past studies suggested that the AC is fed by 
the equatorial current system composed of the EUC, SEUC and the SECC [Peterson and 
Stramma, 1991; Wacongne and Piton, 1992]. Past studies described the AC in terms of current 
velocity and transport using synoptic hydrographic measurements [Moroshkin et al., 1970; Dias, 
1983a,b; Mercier et al., 2003]. The AC is a fast current flowing along the west African coast of 
Southern Africa with velocities between 30 and 50 cm s-1. The AC flows between the surface 
and ~300 m - 400 m depth and advects tropical warm, saline, low oxygen and nutrient-rich water 
southward. The AC is shown to be a subsurface geostrophic southward current [Moroshkin et al., 
1970; Dias, 1983a,b; Mercier et al., 2003] between 9°S and 16°S. Transport values of the AC of 
1.2 Sv and 3.7 Sv were calculated by Dias [1983] during cruises in September 1970 and July 
1971 respectively at 12°S. Sometimes, the AC breaks through the ABF and continues flowing as 
poleward undercurrent below the thermocline [Lass et al., 2000; Mohrholz et al., 2001]. Nelson 
[1989] has reported the poleward undercurrent as an extension of the AC which is stronger 
(weaker) in austral summer (winter). Modelling study of Veitch et al. [2010] showed that the 
poleward undercurrent flows north of 28°S and is mainly driven by the wind stress curl via the 
Sverdrup relation. Recently, Kopte et al. [2017] provided useful information of the mean 
properties and variability of the AC using for the first time ~2.5 years (July 2013 to October 
2015) velocity observations around 11°S from a mooring array. This is a good starting point to 
give useful insights into the AC variability and transport and to help comparing and validating 
ocean model simulations. In combination with other ship measurements, Kopte et al. [2017] 
found that the AC core ranges between 50 m - 100 m depth with the mean southward alongshore 
velocity (~8 cm.s-1) located between 50 m - 60 m depth. Kopte et al. [2017] estimated a mean 





seasonal timescales, this southward transport showed bimodal variations with maxima in March-
April and September/October at 11°S.  
In the Angola basin, other features likely to be considered are the Congo River and the 
Cuanza River runoffs. The Congo River has the second largest worldwide annual discharge in 
the ocean [Materia et al., 2012]. According to Eisma and Van Bennekom [1978], Congo River 
runoff (~6°S) varies seasonally between 2.90×104 m3/s in austral winter (July–August) and 
6.0×104 m3/s in austral summer (December). During the austral summer (December/January), the 
Cuanza River (~9°S) runoff reaches its maximum freshwater discharge along the coast of Angola 
[Mohrholz et al., 2001]. High precipitation rate occurs at the African coast in the eastern 
equatorial Atlantic in austral summer. In the upper layers, strong stratified water column is 
observed at the locations of the Congo and Cuanza River runoffs and in the surrounding areas. 
Eisma and Van Bennekom [1978] showed that strength in runoffs from Congo and Cuanza 
Rivers depends on the precipitation rate at the African coast and in the respective drainage areas. 
Berrit and Dias [1977] observed from their hydrographic section a decrease in sea surface 
salinity off Lobito (Angola) ~1psu between December and March before becoming high again in 
May up to rest of the year. This decrease in sea surface salinity was confirmed on the sea surface 
salinity charts of Merle [1978] in which a poleward advection of freshwater along the African 
coast from Congo River was observed.  
South of the ABF, the northwestward flowing cold geostrophic Benguela Current is 
represented. The Benguela Current is an eastern boundary current linked to the BUS, (Figure 
1.1d). Benguela Current is part of the eastern limb of the anticyclonic gyre in the southern 
Atlantic and flows along the continental shelf of South Africa (~35°S) up to ~14°S off Angola 
[Field and Shillington, 2006]. The width of Benguela Current varies spatially. The Benguela 
Current appears to be 200-300 km wide at its southern part and ~750 km wide at its northern part 
[Wedepohl et al., 2000] and is found in the upper 1000 m [Garzoli and Gordon, 1996]. Lass and 
Mohrholz [2008] observed that around 19°S, Benguela Current bends westward or 
northwestward and feeds the South Equatorial Current. But part of its flow continues northward 
along the coast and enters in the Angolan waters. A transport of 28 ± 4 Sv of the Benguela 
Current feeding the South Equatorial Current was estimated by Mercier et al. [2003]. From 500 
m – 1200 m, past studies estimated the volume transport in the Benguela Current between 13 - 





Benguela Current is formed from water masses coming from the South Atlantic Current, the 
Agulhas Current and the southeast coastal current that flow along the African coast [Mercier et 
al., 2003], but the sharing amounts from these different sources are still under debate [Lass and 
Mohrholz, 2008]. In the BUS, the coastal variability is also associated with the strong oceanic 
intrinsic variability, characterized by a large variety of meso- and submeso-scales features 
(eddies, filaments, fronts), observed in the distribution of the physical and biogeochemical 
tracers.  Some of these eddies are locally generated via horizontal and vertical shear between the 
Benguela Current and the alongshore undercurrent [Marchesiello et al., 2003; Penven et al., 
2005]. This creates a baroclinic instability which leads to the formation of mesoscale eddies 
propagating westward and transporting coastal physical and biogeochemical properties into the 
open Ocean. Some of the meanders encountered in the BUS are originating from the retroflection 
of the Agulhas Current in the south Atlantic. These large eddies, the Agulhas rings, coming from 
the retroflection of the Agulhas Current are composed of warm, salty and oxygen-rich waters 
from the Indian Ocean. During their intrusion in the South Atlantic, the warm, salty and oxygen-
rich waters transported in the rings are mixed with the cold and oxygen-poor waters from the 
BUS. 
 
1.2 DESCRIPTION OF BENGUELA NIÑO/NIÑA INTERANNUAL EVENTS   
 
The BUS is one of the most productive marine ecosystems in the world supporting a large 
marine ecosystem (Figure 1.1d). It undergoes important variability at a wide range of 
frequencies and in particular at interannual timescales. Every few years, the BUS is indeed 
subject to the intrusion of anomalously warm waters from the tropical Atlantic. These events are 
called Benguela Niños [Shannon et al., 1986]. Benguela Niños typically manifest along the coast 
of Angola and Namibia in the southeast Atlantic Ocean. They are similar to El Niño 
phenomenon along the equatorial Pacific Ocean and along the coast of Peru, but with less 
intensity and they are less frequent than El Niño events. These anomalously warm events tend to 
reach their maximum during the late austral summer mainly during March-April and originate 
from the relaxation of zonal wind stress in the western part of the equatorial Atlantic in January-
February [Florenchie et al., 2003, 2004; Rouault et al., 2007; Lübbecke et al., 2010]. During a 





average [Rouault et al., 2017]. These extreme coastal events can last from few months to half a 
year or more [Rouault at al., 2003; Florenchie et al., 2004; Rouault, 2012].  
Figure 1.3 illustrates the evolution of the 2010/2011 Benguela Niño using SST 
anomalies (SSTA) from monthly climatology derived from Tropical Rainfall Measurement 




Figure 1.3: From top to bottom and left to right: TRMM TMI SST interannual anomaly from 
December 2010 to May 2011. Dates correspond to the middle of the monthly time period 
considered for averaging. Anomalies are departures from the 1998-2011 monthly climatology. 
Figure from Rouault et al. [2017]. 
 
maximum in February 2011 along the Angola – Benguela Current system. SSTA persist till April 





2010/2011 Benguela Niño is different from the other Benguela Niños as it does not peak in 
March-April, but in January and it starts in October 2010. The inverse of the Benguela Niño 
event is the Benguela Niña event [Florenchie et al., 2004] and Benguela Niña has not been 
extensively studied in the literature. Benguela Niño event is associated with an anomalously 
poleward transport of warm waters in the Northern Benguela Upwelling system (NBUS) 
[Rouault, 2012] which could lead to a reduction of the local upwelling [Bachèlery et al., 2016a] 
or could be linked to local upwelling of warm nutrient-poor tropical waters as in 2001 [Rouault 
et al., 2007]. Couple of major warm or cold events have been documented in the literature. For 
instance, the first warm event described was the one occurring between March and July 1934. 
This warm event was first reported by Walter [1937] and cited by Shannon et al. [1986]. During 
the 1934 warm event, SST was 2 - 3°C above the climatological mean at Swakopmund (23°S) 
located north of Walvis Bay in Namibia. Shannon et al. [1986] also reported the occurrence of 
Benguela Niño events in 1949, 1963 and 1984. Gammelsrød et al. [1998] observed that the upper 
ocean temperature anomalies were high (up to 8°C above the seasonal mean) along the coast of 
Angola and Namibia in March 1995. The 1995 Benguela Niño was the warmest coastal event 
since 1984 [Gammelsrød et al., 1998]. According to Gammelsrød et al. [1998], the 1995 
Benguela Niño was associated with negative sea surface salinity anomalies along the Angolan 
coast and positive subsurface salinity anomalies along the Namibian coast. Mercier et al. [2003] 
estimated 11 Sv of transport in the AC using the World Ocean Circulation Experiment (WOCE) 
line A13 sampling from January to March 1995 corresponding to the Benguela Niño year 
reported by Gammelsrød et al. [1998] and others. Poleward undercurrent plays an important role 
during Benguela Niño in austral summer by advecting more tropical water into the NBUS 
[Bachèlery et al., 2016a]. Also, based on their modelling study in the NBUS, Muller et al. [2014] 
suggested that during the austral summer (DJF), a strong poleward undercurrent combined with 
an on-shelf transport leaded to an increased upwelling between 22°S and 25°S. Rouault et al. 
[2007] described the major warm event 2001 using TMI SST. They observed the presence of 
warmer than normal SST along the Angola – Namibian coastlines between February and April 
2001. The strongest Benguela Niño since 1995 occurred in 2010/2011 (Figure 1.3) and it has 
been studied recently by Rouault et al., [2017]. Besides Benguela Niño events, quick coastal 
events with less intensity occur along the Angola – Benguela Current system and are categorized 





Reason et al., [2006] using extended SST from National Oceanic and Atmospheric 
Administration (NOAA) averaged in the Angola – Benguela Area (ABA, 8°E - 15°E; 10°S – 
20°S) revealed that minor coastal warm events were observed in 1986, 1988, 1991, 1996, 
1997/98 [Boyd et al., 1987; Carton and Huang, 1994; Reason et al. 2006]. Extreme cold events 
or Benguela Niñas occurred in 1978, 1982, 1983, 1991/92, 1997 and 2004 [Florenchie et al., 
2004; Reason et al., 2006]. According to Florenchie et al. [2004], on average, Benguela Niña 
events seem to last longer than Benguela Niños along the Angola – Benguela Current system. 
Lübbecke et al. [2010] using interannual times series analysis of SST averaged along the 
equatorial Atlantic (ATL3 box, [20°W - 0°E; 3°S – 3°N]) and in the ABA box, suggested that 
the Benguela Niño (Niña) was followed by strong warming (cooling) in the eastern equatorial 
Atlantic called Atlantic Niño (Niña). The time lag ranged between one to three months due to the 
difference in thermocline depth in the 2 regions consistent with Rouault et al. [2009]. This 
tendency of Atlantic Niño to follow Benguela Niño was confirmed by Richter et al. [2010] using 
composite maps of a coupled ocean–atmosphere model in the tropical Atlantic. Moreover, 
Lübbecke et al. [2010] argued that these two types of events (Atlantic and Benguela events) 
should be seen as one phenomenon due to the observed high correlations. Forcing related to 
Benguela Niños or Niñas will be discussed further below in section 1.3. Past studies reported 
that Benguela Niño events have a strong impact on the local marine ecosystem [Binet et al., 
2001; Boyer and Hampton, 2001] as the BUS is one of the most productive marine ecosystems in 
the world. During a Benguela Niño event, anomalously warm, poor–oxygen and nutrients 
tropical waters penetrate into the NBUS and affect primary productivity and thus the food 
availability to higher trophic levels [Chassot et al., 2010]. The presence of low nutrients and 
oxygen waters in the NBUS can lead to devastating consequences on the distribution of marine 
species and on the marine ecosystems in the Angola Benguela upwelling system (ABUS) 
[Monteiro and van der Plas, 2006]. During the 1963 Benguela Niño off Namibia coast, 
temperature and salinity peaked in June 1963 [Shannon et al., 1986]. According to Schülein et al. 
[1995], no sardine eggs were present during the main spawning months in NBUS [Stander and 
De Decker 1969]. The 1984 Benguela Niño was marked by a major poleward transport of the 
sardine stocks which leads to low level of abundance of fish stocks in the Namibian waters [Le 
Clus 1985].  Between 1993 and 1996, poor recruitment and decreasing catch rates of sardine 





of a Benguela Niño in 1995 [Boyer et al., 2001]. 
Benguela Niño events have a significant influence on the southern African rainfall 
[Rouault et al., 2003; 2009; Lutz et al., 2015]. The occurrence of the warm events along the 
Angola – Benguela Current system in late austral summer concomitantly with the maximum of 
the annual cycle of SST and rainfall there, leads to an increase in atmospheric instability, 
evaporation and coastal rainfall [Hirst and Hastenrath, 1983]. Benguela Niño events are 
associated with floods mainly along the western coast of Angola and Namibia [Hirst and 
Hastenrath, 1983] and above average rainfall in the Namib Desert [Shannon et al., 1986; 
Rouault et al., 2003]. These anomalous coastal warm events can also influence rainfall further 
inland [Rouault et al., 2003]. According to the significant impacts (societal, environmental and 
economic) associated with the development of these extreme warm events mostly on the marine 
ecosystem in the BUS and on the southern Africa climate, it would be useful to forecast these 
extreme coastal warm events and implement an early warning system.  
 
 
1.3 FORCING MECHANISMS LINKED TO BENGUELA NIÑOS/NIÑAS 
 
The forcing mechanisms responsible for the interannual variability of SST in Angola – Benguela 
Current system are discussed in this section and are still under debate. Two principal forcings are 
mentioned in the literature: Firstly, the local atmospheric forcing mainly explained by variations 
in the coastal wind stress along the coast of Angola and Namibia. Secondly, the remote oceanic 
forcing mainly explained by the propagation of interannual equatorial Kelvin waves (IEKW) 
along the equatorial Atlantic, which then, at the African coast, propagate poleward as Coastal 
Trapped Waves (CTW) [Hardman-Mountfjord et al., 2003; Schouten et al., 2005; Polo et al., 
2008].  
 
1.3.1 Role of the local forcing along the Angola – Benguela Current system 
 
In the literature, some studies emphasized that at interannual timescales, Benguela Niño events 





anomalies categorized as the local atmospheric forcing. Strong or weak alongshore wind enhance 
or decrease the upwelling of subsurface cold waters and will cool or warm the BUS.  
At interannual timescales, Richter et al. [2010] showed using observations and a coupled 
ocean–atmosphere simulation that local alongshore wind modulations (local atmospheric 
forcing) are responsible for the coastal SST variability in the southeast Atlantic Ocean. They 
further emphasized that alongshore wind anomalies generated by a basin-scale weakening of the 




Figure 1.4: Simulated anomalous SST (colour; °C; land areas indicate ground temperature), 
surface wind stress (arrows; N m−2*100), and sea level pressure (contours; 0.25 hPa interval) 
composited on the ABA SST index. Only events with standard deviations greater than 2 are 
selected. Dashed contour lines indicate negative values. Figure from Richter et al. [2010]. 
 





and wind field in the South Atlantic suggested that SST responded to individual wind anomalies 
within a couple of days, mostly around 20°S. These individual wind bursts could be further 
enhanced by local air–sea interactions [Richter et al., 2010]. Using an atmospheric general 
circulation model coupled to an ocean model in the Atlantic Ocean, Trzaska et al. [2007] showed 
that at interannual timescales, SST variability in the South Atlantic is primarily modulated by the 
intensity of the basin scale variations of the SAA which is consistent with the findings of Richter 
et al. [2010]. At interannual timescales, weakening of the SAA could be attributed to climate 
conditions over the adjacent continents [Seager et al., 2003; Richter and Xie, 2008], the position 
of the Atlantic Intertropical Convergence Zone (ITCZ) and influences from the Indian and 
Pacific Oceans variability. As an example, Richter et al. [2010] using satellite data of SST and 
Sea Surface Height (SSH) during the 1995 Benguela Niño, showed that there was no evidence 
for the propagation of equatorial Kelvin waves prior to the onset of this extreme event.  
Recently, Junker et al. [2015] using a regional ocean circulation model investigated the 
link between the wind stress curl and the meridional transport in the BUS during the period 2000 
– 2008. They showed that south of the ABF between 20°S and 25°S in the NBUS, along the west 
African coast, the annual and semi-annual cycles of the local forcing through the wind stress curl 
is important for the poleward transport of warm tropical waters in the NBUS which is one of the 
key elements for the development of Benguela Niño [Rouault, 2012]. However, due to the 
limited length of the time series of available observations (January 2004 to September 2005), 
they were not able to properly validate the meridional transport calculated from their regional 
model over the study period which is from 2000 – 2008 (9 years) at interannual timescales. They 
further concluded that at interannual timescales, meridional transport along the west African 
coast cannot be explained by wind stress curl variations in their study and suggested that the 
connexion with the equatorial Atlantic (cf. section 1.3.1) might play a role on the interannual 
fluctuations of the meridional transport.  
Besides the role played by local alongshore wind anomalies in the southeast Atlantic 
discussed by Richter et al. [2010] at interannual timescales during the onset of Benguela Niño, 
past studies such as Florenchie et al., [2004] and Rouault et al., [2007] have looked at the 
possible contribution of local ocean–atmosphere exchanges during the coastal warm or cold 
events. Florenchie et al., [2004] using the reanalysis NCEP-NCAR [Kalnay et al., 1996] for sea 





ABA box found that the latent heat flux which is the main contributor to the sea surface heat 
fluxes, played a passive role and acted like a thermostat cooling warm events or warming cool 
events. The same conclusion was stated in a study of Rouault et al., [2007] who found that 
cooling effect of heat fluxes during some coastal warm events including the 1995 and 2001 ones, 
contributed to the demise of these events. Rouault et al. [2007] also argued that the cooling effect 
at the surface during the 1995 and 2001 coastal events was enhanced by lower than normal 
incoming shortwave radiation due to the presence greater than normal cloud cover and rainfall 
along the Angola Benguela area. Modelling study of Bachèlery et al. [2016a] also showed that 
positive or negative anomalies of nearshore wind stress (local atmospheric forcing) modulated 
the signature of the coastal interannual anomalous events as wind stress could be in or out of 
phase leading to an increase or decrease of the intensity of the coastal interannual events 
respectively.  
 
1.3.2 Remote oceanic forcing 
 
At interannual timescales, many studies suggested that Benguela Niño events along the coasts of 
Angola and Namibia are originated from the equatorial Atlantic via eastward propagation of 
IEKW along the equatorial wave guide [Florenchie et al., 2003, 2004; Rouault et al., 2007; 
Lübbecke et al., 2010; Bachèlery et al., 2016a; Rouault et al., 2017] and similarly for Benguela 
Niñas [Florenchie et al., 2004]. Once the IEKW reaches the African coast, the IEKW reflects 
westward as Rossby wave and a substantial amount of its energy is transmitted poleward as 
CTW [Clarke, 1983; Enfield et al., 1987].  
Long equatorial Kelvin and Rossby waves play a key role on the oceanic equatorial 
adjustment to wind forcing at interannual timescales and in the three equatorial basins. IEKWs 
are forced by trade wind variations in the western part of the equatorial Atlantic and propagate 
eastward along the equatorial Atlantic. Note that the annulation of the Coriolis force along the 
equatorial band, sets the equator as a wave guide and allows faster propagations of equatorial 
waves compared to other latitudes (Figure 1.5a, 3rd panel). Long IEKWs are non-dispersive 
waves, meaning that they travel with a constant phase speed and are independent of the wave 





ω is the frequency of the wave and c the phase speed of the wave. The vertical structure of the 
long IEKWs and their phase speed are controlled by the vertical stratification of the Ocean.  
The triggering mechanism of long Equatorial Kelvin Waves (EKW) is attributed to the 
modulation of the easterly wind in the western part of the equatorial Atlantic leading to vertical 
displacements of the thermocline and modification of the current intensity. Weakening of 
easterlies in the western part of the equatorial Atlantic triggers a convergence of local zonal 
currents rising the sea level. This deformation of the sea surface induced by weakening of the 
easterlies triggers a downwelling Kelvin wave that propagates to the east rising the sea level 
(Figure 1.5a, 1st panel) and deepening the thermocline.  The downwelling Kelvin wave is 




Figure 1.5: (a) Response of sea level (cm) to weakening of easterlies in the tropical Atlantic. 
Figure from Laing and Evans [2011] (b) Downwelling Kelvin wave (orange to red) and 
upwelling Rossby wave (green to blue) propagations along the equatorial wave guide in the 
Atlantic Ocean. Figure from International Research Institute for Climate and Society (IRI, 
https://iri.columbia.edu).   
 
At the same time, the weakening of the easterlies in the western part of the equatorial Atlantic 





coast and reflects eastward as an upwelling equatorial Kelvin wave. The reflection mechanism of 
the equatorial waves is well illustrated in Figure 1.5b. Conversely, the strengthening of 
easterlies in the western part of the equatorial Atlantic triggers an upwelling equatorial Kelvin 
wave and a downwelling Rossby waves. Note that the term upwelling is related to a divergence 
of local zonal currents leading to a depression of the sea level associated with a shallowing of the 
thermocline.  
Along the equatorial Atlantic, in a stratified oceanic environment, the equatorial wave 
propagations induce vertical movements of the water column which might create a contact 
between the different density layers. The solutions of the equations of motion over the vertical 
component with consideration of some simplifications that can be found in Illig et al. [2004], 
yield the introduction of the equatorial baroclinic modes, such as the vertical structure variability 
of the ocean can be represented by the summed-up contributions of the gravest baroclinic modes. 
As introduced in Illig et al. [2004], the baroclinic mode decomposition can be performed on an 
Ocean General Circulation Model (OGCM). For each baroclinic mode, the later will provide the 
vertical structure of the waves, their phase speed, the Rayleigh coefficients and the wind 
projection coefficients. Then the amplitude of the long equatorial waves can be estimated by 
projecting the baroclinic mode contribution onto the theoretical meridional structures of the 
waves. Cane and Sarachik [1976] were the first to study the linear theory of horizontal equatorial 
wave propagations setting up the tropical Pacific Ocean as an infinite basin in the meridional 
direction. Cane and Sarachik, [1979] adapted the previous linear theory in the tropical Atlantic 
Ocean. The presence of the coastlines in the eastern side (Gulf of Guinea) and western side 
(Brazilian coast) of the Atlantic basin, lead them to add supplementary boundary conditions at 
the northern and southern boundaries of the tropical Atlantic. Moreover, a multi-mode Ocean 
Linear Model (OLM) can be set up using the inferred wave parameters. The single-mode 
equatorial OLM was developed by Cane and Patton [1984] and du Penhoat and Treguier 
[1985]. Zebiak [1993] adapted the coupled model of Zebiak and Cane [1987] in the tropical 
Atlantic. The OLM used in Zebiak [1993] had one baroclinic mode which characteristics were 
chosen between the first and the second baroclinic mode. For the first time in the Tropical 
Atlantic, Illig et al. [2004] used a high resolution OGCM from 1981–2000 to study the equatorial 
wave propagations. They performed a baroclinic mode decomposition using the vertical density 





linear model. They quantified the contributions of the gravest baroclinic modes to sea level 
anomalies and surface zonal currents at interannual timescales. Each mode has its own vertical 
structure, the nth baroclinic mode which crosses the zero nth times and which amplitude decreases 
with depth. In the equatorial Atlantic, the first baroclinic mode is the fastest mode of Kelvin 
waves and the second baroclinic mode the most energetic mode [Illig et al., 2004]. According to 
Illig et al. [2004], the phase speed of the first baroclinic mode of equatorial Kelvin wave ranges 
between 2.4 m/s and 3 m/s which is 3 times the phase speed of Rossby waves. Similarly, the 
phase speeds of the second and third baroclinic modes of Kelvin waves are ~1.4 m/s and 0.9 m/s 
respectively.   
Part of the incoming eastward equatorial wave energy is transmitted southward along the 
southwestern African coast as CTW. CTW keeps the same properties as EKW with similar 
dynamic effects (effect on SLA and thermocline depth as described earlier for IEKW) and 
thermodynamic effects (through thermocline feedback changing the diapycnal heat flux below 
the mixed layer which indirectly impacts the SST) on the coastal water column in terms of 
downwelling or upwelling during its poleward propagation along the west African coast. CTW 
triggers vertical displacements of the thermocline which can modulate the surface and subsurface 
temperature ~ 2°C and imprint the Sea Level Anomaly (SLA) by several centimeters [Pizarro et 
al., 2001, 2002; Leth and Middleton, 2006; Colas et al., 2008; Polo et al., 2008; Richter et al., 
2010; Belmadani et al., 2012; Bachèlery et al., 2016a]. As illustrated in Figure 1.6a, during their 
propagation along the southwest coast of Africa, downwelling CTWs induces an increase of sea 
level, deepens the thermocline and triggers coastal warm temperature anomalies detectable at the 
sea surface which could be at the origin of Benguela Niño. Past authors [Ostrowski et al., 2009; 
Bachèlery et al., 2016a] suggested that CTW partly controlled the strength of the variability of 
the poleward undercurrent. Based on experimentation with a regional ocean model, Bachèlery et 
al. [2016a] quantified that over the 2000 – 2008 period, 89% of the coastal SST interannual 
variability off Angola and Namibia is explained by the remote oceanic forcing via equatorially-
forced CTW propagations, while they attributed 29% for the interannual coastal fluctuations to 
the local atmospheric forcing. They concluded that the remote oceanic forcing is the main 






Figure 1.6: a) Illustration of the influence of downwelling CTW along the coast which generate 
positive SLA, deepening of the thermocline (dashed line), leading to warm temperature anomaly 
(red shading), poleward current (green circle) and reduced vertical current (blue arrow). b) 
Influence of upwelling CTW along the coast which trigger negative SLA, shallowing of the 
thermocline, leading to cold temperature anomaly (blue shading), equatorward current (green 
circle) and strong vertical current (blue arrow). Figure from Bachèlery [2016]. 
 
Bachèlery et al. [2016a] found that at interannual timescales, the signature of CTWs on coastal 
temperature is detectable up to ~26°S and their effects on the subsurface coastal currents and 
density can be observed up to ~30°S when removing the effect of local atmospheric forcing. 
They further suggested that at interannual timescales, the CTW signature on coastal SST is not 
observable south of 26°S due to the low stratification associated with the strong upwelling 
dynamic regime located there. The efficiency by which CTW could trigger temperature 
anomalies through vertical advection process is controlled by the vertical stratification of the 
water column along the southwest African coast as suggested by Bachèlery et al. [2016a]. 
According to the study of Tchipalanga et al. [2018], off Angola, the upper-ocean stratification 
increases in austral summer and decreases in austral winter. Moreover, Bachèlery et al. [2016b] 
using a coupled physical-biogeochemical model from 2000-2008 showed that at interannual 
timescales, 85% of the nitrate and oxygen coastal variability from Angola to the BUS, is 





along the coast of southwestern Africa. According to previous studies [Polo et al., 2008; 
Ostrowski et al., 2009], March-April and September/October corresponding to the periods of 
maxima of the velocity of the Angola Current and occurred at the same time as the semi-annual 
downwelling CTWs. The inverse effect is observed during the propagation of an upwelling CTW 
(Figure 1.6b). The upwelling CTW decreases the sea level, shallows the thermocline and 
induces cold temperature anomaly which could be at the origin of moderate cold event and 
Benguela Niña. The subsequent CTW has also a significant influence on the coastal current 
circulation. According to the modelling study of Bachèlery et al. [2016a], during the mature 
phase of the downwelling event in February 2001 (Figure 1.7a), the downwelling CTW at the 
origin of this major event strengthens the poleward alongshore current in the upper 200 m 
associated with reduced equatorward flow in the upper 40 m and strong poleward flow in 
between 120 – 200 m. In February 2001, a decrease of the upward vertical current and cross-
shore current leads to an important reduction of the coastal upwelling. Conversely, during the  
 
 
Figure 1.7: Interannual anomalies of temperature (contours, °C), alongshore currents (colour, 
m/s), cross-shore (arrows, m/s) and vertical currents (arrows, 2000* m/s) averaged between 18°S 
– 25°S during the mature phase of a) coastal downwelling in February 2001 and b) coastal 
upwelling event in March 2003 based on model outputs from Bachèlery et al. [2016a]. Data are 
shown within the 150 km coastal band in the upper 200 m. Figure from Bachèlery et al. [2016a]. 
 





associated with the passage of the upwelling CTW increases the equatorward and upward 
vertical current flows in the upper 200 m associated with strong coastal upwelling of cold 
nutrient-rich waters along the coast and the appearance of coastal cold temperature anomalies. 
1.4 OBJECTIVES AND OUTLINE 
 
Our understanding of the functioning of the tropical Atlantic climate and our ability to forecast 
its impacts on the Atlantic fishing communities constitute an important research topic for the 
scientific community, objectives of the international projects such as PREFACE. Thus, the 
motivations of this thesis lie in the framework of understanding the mechanisms associated with 
the development of the extreme warm and cold events at interannual timescales called Benguela 
Niños and Niñas, their links with the equatorial Atlantic variability and the contribution of the 
local forcings in the southeast Atlantic Ocean.  
 
1.4.1 Objectives of this study 
 
Past studies mainly used satellite data or models [Florenchie et al., 2004; Richter et al., 2010; 
Bachèlery et al., 2016a], to document and study the dynamics of the Benguela Niño and 
Benguela Niña events. Here, for the first time, I use real-time buoy records from the Prediction 
and Research Moored Array in the Tropical Atlantic (PIRATA) program to describe the 
Benguela Niños and Niñas and their connexion with the equatorial Atlantic at interannual 
timescales. Additionally, an OLM is used to interpret these observations along the equatorial 
Atlantic as IEKW propagations.  
The objectives of this thesis will consist to: 
• Investigate at interannual timescales, the different processes responsible for the onset and 
development of Benguela Niños and Benguela Niñas along the southeast Atlantic Ocean. 
 
• Investigate the connection between the coastal and the equatorial Atlantic variability.  
 
• Investigate the role of the large-scale and local wind forcing, along with the modulation 





1.4.2 Outline of the thesis 
 
In this context, I will first document the connection between the equatorial Atlantic and the 
coastal variability and using the PIRATA records from 1998 to 2012 as well as altimetric SSH 
data and outputs from the equatorial OLM. Having validated the OLM outputs from 1998 to 
2012, I will use it with an OGCM from 1958 to 2015 to investigate past Benguela Niños and 
Niñas that occured before 1982. 
The outline of the thesis will consist on: 
• Chapter 2 will give an overview of the different products used for this study 
(observations, satellite and model outputs). I will present the different methods 
implemented for this study and the validations of the OLM and the OGCM outputs at 
seasonal and interannual timescales.  
• Chapter 3 will document the link between the equatorial Atlantic and the Angola 
Benguela coastal variability at interannual timescales from 1998 to 2012. In this section, I 
will: 1) Use a combination of PIRATA data, AVISO and the OLM to identify equatorial 
propagations of abnormal Sea Surface Height Anomalies (SSHA). 2) Define an 
equatorial oceanic index of interannual equatorial Kelvin wave amplitude using the OLM 
outputs and link this proxy to the coastal variability off Angola and Namibia in order to 
forecast the Benguela Niños or Niñas. This study was published in Imbol Koungue et al. 
[2017]. 
• Chapter 4 will study all the Benguela Niños and Niñas that occurred from 1958 to 2015. 
Little information exists before the satellite era on Benguela Niños or Benguela Niñas 
that occurred before 1982. In this chapter, I will: 1) Identify and classify all the SST 
coastal events in terms of extreme and moderate warm and cold coastal events along the 
Angola Benguela Current system from 1958 to 2015. 2) Compute the coastal net mass 
transport and the associated temperature transport across the ABF using the OGCM and 
investigate its contribution to the development of the coastal events. 3) Illustrate some 
composite maps of Benguela Niños and Niñas during the austral summer in the South 
Atlantic.  
• Chapter 5 will document other potential processes that can play a role during the 





Benguela Niños and Niñas using lagged composite analysis of Temperature at 10 m and 
surface wind stress anomalies. 2) The role played by local atmospheric forcing 
(alongshore wind stress anomalies) along the Angola Benguela Current system. 3) The 
modulation of the CTW signature to the sea surface temperature by the local vertical 
stratification depending on the season. 













To describe the equatorial variability, records from equatorial Atlantic PIRATA moorings 
(Dynamic Height (DYNH) and depth of thermocline (Z20)) are used and compared with outputs 
from an OLM and Sea Surface Height (SSH) derived from altimetry. Comparison allows to 
understand the equatorial dynamics signature and to interpret the data in terms of linear 
propagations. Along the ABUS, OGCM outputs are compared in surface and subsurface with 
available observational datasets, such as Optimum Interpolation Sea Surface Temperature (OI-
SST), the World Ocean Atlas 2013 version 2 (WOA13 v2). OI-SST and OGCM were then used 
to document the coastal variability off Angola and Namibia. OGCM allows calculation of the net 
subsurface ocean transport at 17°S which is a key factor during the development of Benguela 
Niños [Rouault, 2012]. The data and details of the characteristics of the linear equatorial model 




2.1.1.1  PIRATA moorings 
 
PIRATA buoys have been deployed in the tropical Atlantic since September 1997 [Servain et al., 
1998; Bourlès et al., 2008]. PIRATA program is composed of an array of moorings in the 
Atlantic Ocean (Figure 2.1, left panel). PIRATA moorings record and sample the water column 





temperature sensors positioned at depths of 60, 80, 100, 140, and 180 m, and two 
temperature/pressure sensors positioned at 300 and 500 m along the equatorial Atlantic (Figure 
2.1, right panel). 
 
 
Figure 2.1: Left panel: The PIRATA backbone of ATLAS buoys (red squares), northeast 
extension (blue stars), southwest extension (green circles), southeast extension pilot project 
(yellow triangle), and island-based observation sites (green crosses).. Positions of the moorings 
used in this thesis are represented by white circles. Figure modified from Bourlès et al. [2008]. 
Right panel: Vertical presentation of a PIRATA ATLAS buoy with the positions of its 
temperature sensors between the surface and 500 m depth 
(https://wwww.pmel.noaa.gov/gtmba/moorings).    
 
Data display, download, climatology estimations and more details are available on the dedicated 
website http://www.pmel.noaa.gov/tao/disdel/. Interannual anomalies of parameters can also be 
downloaded from the website. These interannual anomalies are computed by subtracting the 





For example, in the Atlantic Ocean, to compute interannual anomalies of dynamic height and 
depth of the 20°C isotherm (identified by the position of the 20°C isotherm, Z20, positive 
downward), the climatology of the World Ocean Atlas 2009 
(https://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html) is used.  
The equatorial variability is documented using PIRATA data which help to detect and 
monitor the propagation of Kelvin waves along the equatorial Atlantic. Note that one of the goals 
of PIRATA project is to study the ocean-atmosphere interactions aiming to monitor the 
interannual activity of the long equatorial waves (cf. section 1.3.2). PIRATA data are also used 
to validate the OLM and the tropical Atlantic OGCM simulation. This validation is done using 
monthly dynamic height and anomalous depth of the thermocline from 3 PIRATA’s buoys 
located along the equator at 23°W, 10°W, and 0°E at 0°N (white circled buoys, Figure 2.1, left 
panel) over the 1998 to 2015 period. It is worth to mention that sometimes, PIRATA records 
have gaps at various locations due to vandalism or data failure. Quantification of gaps for the 3 
PIRATA moorings circled in white in Figure 2.1 (left panel) is done in chapter 3 over the 
period 1998 to 2012. Results show 35%, 41%, and 50% of missing values are encountered in the 
dynamics height interannual anomalies estimation at [23°W; 0°N], [10°W; 0°N], and [0°E; 0°N], 
respectively. Note that from 2006 to 2012, gaps are less frequent with only 22%, 15% and, 16% 
of missing data at the same equatorial mooring locations. 5 day means from PIRATA buoys data 
interpolated between different mooring locations along the equator are also used to illustrate 
some particular eastward propagations (cf. Chapter 3) using Hovmöller diagram of depth of the 
thermocline along the equatorial Atlantic. This Hovmöller diagram of depth of the thermocline 
allows the estimation of the speeds of identified Kelvin waves that are estimated by calculation 
(cf. section 2.2.3). 
 
2.1.1.2  Optimum Interpolation Sea Surface Temperature version 2 (OI-SST v2) 
 
In other to identify and classify interannual warm and cold events in the Angola-Benguela 
Current system, as well as validate the tropical Atlantic simulation (OGCM) in the same area at 
the surface, monthly Optimum Interpolation Sea Surface Temperature version 2 (OI-SST v2) 
[Reynolds et al., 2002] is used and is available at 1°×1° horizontal resolution available since 





https://www.esrl.noaa.gov/psd/data/gridded/. This dataset is derived from daily merged, in situ 
data (ship measurements, buoys (moored and drifting)) and high resolution (9 km) infrared 
satellite observations from the AVHRR (Advanced Very High-Resolution Radiometer, 
https://podaac.jpl.nasa.gov/AVHRR-Pathfinder) instrument on board NOAA. The description of 
the different sources of in situ data can be found in Reynolds et al. [2002]. The OI-SST v2 
dataset is used to assess the interannual SST coastal variability along the western coast of Africa 
within 3 zones of interest taken within the 1°-width coastal band (Figure 2.2).  As coastal zones 
of interest, from the North to the South, the Southern Angola domain, where data are averaged  
 
Figure 2.2: Standard deviation (STD) of monthly detrended anomalies of OI-SST v2 from 1982-






from 10°S to 15°S, is a tropical warm water region; the ABF zone, where data is averaged from 
16.5°S to 17.5°S, is a transition region between warm tropical water and cold upwelling water 
and the Northern Namibia domain also called NBUS where data is averaged from 19°S to 24°S, 
is a region of cold upwelled waters. The Southern Angola and Northern Namibia domains are 
similar to the ones used in Rouault [2012] and Rouault et al. [2017]. The Northern Namibia 
domain is in a wind driven upwelling while the Southern Angola domain is affected by the 
Angola Current and coastal trapped waves with low wind speed. The ABF zone just defines the 
transition between Angola and Namibia and the latitudinal extension is quite similar to the one of 
Rouault [2012] who used 17°S for his meridional transport proxy.   
 
2.1.1.3  World Ocean Atlas 2013 version 2 (WOA13 v2)   
 
The World Ocean Atlas (WOA) 2013 version 2 (WOA13 v2) allows to evaluate the OGCM 
skills in the tropical Atlantic in representing the mean vertical structure of temperature along the 
equatorial Atlantic wave guide and at 23°S in the southeast Atlantic Ocean. WOA13 v2 monthly 
climatology is then chosen from 1955 until 2012 (an average of six decadal means) in the upper 
28 vertical levels. WOA13 v2 monthly climatology is a gridded product derived from in situ 
measurements (for example ship-deployed Conductivity-Temperature-Depth (CTD), Expendable 
Bathythermographs (XBT), gliders, moored and drifting buoys), interpolated and produced at a 
0.25×0.25 degree resolution. It contains 102 vertical levels from the surface (0 m) to 5500 m 
[Locarnini et al., 2013]. The data is processed by NOAA and archived at the National 
Oceanographic Data Center (NODC).  The data is available on the website 
http://www.nodc.noaa.gov/OC5/woa13/.  
 
2.1.1.4  Sea level anomalies from AVISO 
 
The reference altimetric SSH gridded product distributed by the Archiving, Validation and 
Interpretation of Satellite Oceanographic Data (AVISO) merges data from TOPEX/Poseidon and 
Jason-1/2/3 altimeters. These data are used to document the interannual equatorial variability of 





tropical Atlantic OGCM for the purpose of model validation (cf. section 2.3). Data are 
distributed by CLS on a weekly (7 days) temporal resolution available on a 1/4° horizontal 
resolution grid. The error made by altimeters (for example TOPEX/Poseidon) while calculating 
the sea level anomalies is ~2 cm [Le Traon et al., 1998]. Refer to Le Traon et al. [1998] and 
Ducet et al. [2000] for more details on data and gridding procedures.  
 
2.1.2 Model outputs 
 
2.1.2.1  Tropical Atlantic Simulation (TATLT025).  
 
The OGCM numerical model used in this study is the oceanic component of the Nucleus for 
European Modelling of the Ocean program (NEMO3.6) [Madec, 2014]. It solves the Navier-
Stokes primitive equations under spherical coordinates discretized on a C-grid and fixed vertical 
levels (z-coordinate). The parameterization and the physical parameters are similar to those of 
Hernandez et al. [2016, 2017]. The regional grid has ¼° horizontal resolution and extends from 
98.50°W to 19.80°E, and from 34.05°S to 33.73°N. There are 75 vertical levels, with 12 levels 
within the first 20 m and 24 levels within the first 100 m. The momentum advection scheme is 
the third-order upstream biased. Tracers are advected with a total variance dissipation scheme 
and a Laplacian isopycnal diffusion is applied with a diffusion coefficient of 300 m2/s. The 
model time step is 1200s. The vertical diffusion coefficient is estimated using the generic length 
scale scheme with a k-epsilon turbulent closure [Umlauf and Burchard, 2003]. More details can 
be found in Reffray et al. [2015] and Maraldi et al. [2013]. Daily outputs from MERCATOR 
global reanalysis GLORYS2V3 were used to force the model at its lateral boundaries. The 
atmospheric fluxes of momentum, heat, and freshwater at the surface are given by bulk formulae 
[Large and Yeager, 2009] using 3h fields of wind speed, atmospheric temperature and humidity, 
and daily fields of long wave, short wave radiation and precipitation from the DRAKKAR 
Forcing Set (DFS) version 5.2 (DFS5.2) [Dussin et al., 2016]. DFS5.2 is actually a corrected 
forcing for DRAKKAR simulation using ERA-Interim atmospheric reanalysis [Dee et al., 2011]. 
The shortwave radiation forcing is modulated on-line by an analytical diurnal cycle. A monthly 





river mouths as a surface freshwater flux with increased vertical mixing in the upper 10 m. There 
is no explicit restoring of the SST, but the specification of atmospheric conditions (air 
temperature, humidity, and wind speed) when forcing the ocean model with the bulk formulae in 
the simulation acts to restore the SST toward prescribed air temperature. This may participate to 
counterbalance model biases in reproducing the Benguela upwelling variability. Note that there 
is no restoring toward observed or climatological sea surface salinity [Hernandez et al., 2016] 
and similarly for SST. The OGCM is integrated over the long period 1958 – 2015 and monthly 
averages where provided for this work. I received the OGCM outputs from Dr Julien Jouanno 
from University of Toulouse in France.  
 
2.1.2.2  Ocean Linear Model (OLM) 
 
Outputs of a simulation carried out with the equatorial Atlantic OLM is used. The OLM was 
developed by Illig et al. [2004] and was used in Rouault et al. [2007] to understand the 
mechanisms linked to long equatorial wave propagations. It is also used to interpret OGCM 
outputs and altimetric data in terms of equatorial wave propagations. The OLM allows me to 
interpret local observations measured by PIRATA buoys (DYNH and Z20) and altimeter data 
into basin-scale Interannual Equatorial Kelvin Wave (IEKW) dynamics. The simulation of the 
westward and eastward propagations of equatorial Rossby and Kelvin waves respectively in the 
equatorial band is performed within a domain extending from 50°W to 10°E and from 28.875°S 
to 28.875°N, with a horizontal resolution of 2° in longitude and 0.25° in latitude. Ocean vertical 
movement decompositions include six baroclinic modes together with phase speed, wind-stress 
projection coefficient, and friction derived from a high-resolution OGCM [Illig et al., 2004]. The 
OLM wind stress forcing is provided by 2 day-averaged DRAKKAR Forcing Set version 5 
(DFS5) [Dussin et al., 2016]. It is important to mention that DFS wind stress is similar to ERA-
Interim reanalysis [Dee et al., 2011] wind stress with a horizontal resolution of 0.75°. The OLM 
is forced by 2-day wind stress averages obtained by cubic interpolation of monthly means. 
Model wind stress forcing is first detrended and monthly interannual anomalies (cf. section 
2.2.1) are calculated over the periods of interest. The OLM is run over 2 periods of interest: 





wind stress at our disposal was available up to the end of 2012. Secondly, a longer period from 
1958 – 2015 (OGCM period) is used because OGCM wind stress forcing (cf. section 2.1.2.1)  is 
used to force the OLM in order to characterize equatorial Kelvin waves propagations occurring 
before 1980 (cf. Chapter 4). I received the OLM outputs from Dr Serena Illig who is one of my 




2.2.1 Interannual monthly anomalies 
 
First, the high-frequency variability (at least sub-monthly) is filtered by averaging all data and 
model outputs on a monthly resolution. To compute the interannual monthly anomalies, monthly 
climatology (estimated over the period of interest) is removed from the initial monthly time 
series. Since interannual variability is my timescale of interest and there is a linear trend or 
decadal variability in SST over the Angola-Benguela current system, it is important to remove 
the linear trend before computing the anomalies. To do so, the linear least square regression fit is 
estimated and is removed from the original time series.  
 
2.2.2 Normalization of Anomalies 
 
In this study, 2 methods are used for the normalization of the monthly anomalies time series: 
either by dividing the monthly anomalies by the mean standard deviation or by dividing each 
monthly anomaly by the standard deviation of that month as done in Rouault [2012]. 
 
2.2.3 Wave speed calculation 
 
In this study, the phase speed of the interannual Kelvin waves along the equatorial Atlantic is 





based on Hovmöller diagram and the elapsed time. The phase speed is given by: 
 
The estimated phase speeds will be compared to the theoretical values from Illig et al. [2004]. 
 
2.2.4 Taylor Diagram 
 
Taylor diagrams are used to compare the OGCM outputs to available observation datasets such 
as PIRATA, WOA and AVISO over the period 1958 - 2015. Taylor diagram provides the degree 
of correspondence between observations and simulation in terms of four statistics: the Pearson 
correlation coefficient (R) between observations and simulation, the root-mean-squared 
difference (RMSD), and the standard deviations (s) of observations and simulation. The Pearson 
correlation coefficient R expresses the pattern resemblance between observations and simulation. 
R varies between -1 and 1, meaning that if R is less than 0, observations and simulation are 
negatively associated (if the observed parameters increase, simulated one decreases). A value of 
R = 0 means that there is no resemblance in the variation between observations and simulation. 
A value of R greater than 0 indicates that observations and simulation are positively associated. 
When it comes to looking at the differences between observations and simulation, root-mean-
squared difference (RMSD) is used. If the RMSD is close to 0, this means that observations and 
simulation look quite alike. Since the first two statistics provide a significant information 
quantifying the correspondence between 2 patterns, the variances or standard deviations of 
observations and simulation are needed for a complete characterization. According to Taylor 
[2001], the relationship between these four statistics is given by:  
 
Where E’ is the RMSD, sf and sr are respectively the variances of simulation (OGCM) and 
observations respectively. Taylor made an analogy using the triangular geometric relationship 
given by the law of cosines (c2 = a2 + b2 – 2ab cos	φ, with a, b, c the lengths of the sides of the 
triangle and φ  the angle formed between sides a and b) shown in Figure 2.3.   
! = 	$%  







Figure 2.3: Geometric representation of the relationship between the four statistics: R 
(correlation coefficient), the E’ (RMSD) and the standard deviations of observations and 
simulation sr  and sf respectively. 
 
Where c = E’, a = sf , b = sr  and R is cos	φ meaning that φ = cos-1R as observed in Figure 2.3. 
The Taylor diagram [Taylor 2001] is then a summary polar plot in which correlation coefficients 
between observations and simulations are given by the azimuthal angles. The Taylor diagrams 
used in this thesis are customized such that the radial distance from the origin is proportional to 
the standard deviation of a pattern (normalized by the standard deviation of the observations) and 
the green dashed lines measure the distance from the reference point (Black point, Ref) and 
indicate the RMSD.  
 
2.2.5 Composite and bootstrap 
 
Compositing is the process of averaging field over some identified occurrences of particular 
events or periods. I select extreme coastal warm or cold events defined when interannual 
temperature at 10 m (T10) anomalies exceed ±1 standard deviation for at least 2 of the coastal 
zones of interest (Figure 2.2) and for at least 3 months (cf. Chapter 4). For instance, over the 
1958-2015 period, 16 extreme warm events and 10 extreme cold events are identified. In this 
study, compositing is performed for the extreme coastal warm T10 interannual events (cf. 
section 1.2) that peak in March/April [Florenchie et al., 2003, 2004; Rouault et al., 2007; 
Lübbecke et al., 2010; Rouault 2012]. The same method is used for extreme coastal cold events. 





can then be performed over T10 and wind stress anomalies. 
The bootstrap method is used to test the statistical significance of composite maps. This 
method allows to calculate the statistically significant areas in composite maps of T10 anomalies. 
The bootstrap technique is a nonparametric test which is independent of the distribution of the 
data. The bootstrap method was for the first time introduced by Efron in 1977 [Diaconis and 
Efron, 1983]. The basic idea when performing the bootstrap is to construct a large collection of 
artificial data group having the same size as the target group. For this study, the target group 
corresponds to the occurrences of anomalous extreme warm or cold events called Benguela 
Niños or Niñas leading to a composite map for each category of events. 10.000 artificial data 
groups are randomly generated from the initial dataset. Note that there are two different ways to 
perform the bootstrap test: with or without replacement [Grotjahn and Faure 2008]. For this 
study, the bootstrap testing without replacement is chosen meaning that the months among each 
randomly picked group are all different. In this case, the initial dataset is resampled 10.000 times 
to form 10.000 artificial averages. These 10.000 artificial averages are sorted in an ascending 
order. Therefore, each grid point of my composite map will be statistically significant at 90% 
(using p-value statistical test from Best and Roberts [1975]) if its value can be classified as an” 
extreme outlier”, meaning that this value is located in the upper 5% or lower 5% of the artificial 
group distribution. 
 
2.3 MODEL VALIDATION 
 
This part of the thesis is dedicated to the validation of the two model outputs (OLM and OGCM), 
which are used in this thesis with available observation datasets. 
 
2.3.1 OLM validation 
 
The OLM used here was validated in Illig et al. [2004] over the period 1992 – 2000 using 
altimetric SSHA from TOPEX/POSEIDON+ERS1/2 missions (T/P+ERS1/2) and it showed 
good skill in reproducing equatorial Atlantic dynamics. Here the OLM outputs are used over a 





Figure 2.4. Figure 2.4 represents correlation map between monthly detrended SSHA from 
AVISO and SSHA from OLM statistically significant at 95% (using p-value statistical test from 
Best and Roberts [1975]). As expected, OLM SSHA and AVISO SSHA agree well in the 
equatorial wave guide along which the Kelvin and Rossby waves are propagating. There 
correlations are statistically significant and larger than 0.5. For instance, statistically significant  
 
Figure 2.4: Correlation map between monthly detrended AVISO SSHA and OLM SSHA over 
the 1993 - 2015 period in the tropical Atlantic Ocean. Correlations statistically significant at the 
95% level are greater than 0.4. Black lines represented 0.1 correlation contours. 
 
correlations of 0.5, 0.56 and 0.63 are observed between the AVISO SSHA and OLM SSHA at 
[23°W; 0°N], [10°W; 0°N] and [0°E; 0°N] respectively. These positions correspond to 3 
PIRATA mooring locations (Figure 2.1, left panel). The pattern of low correlation coefficients 
along the equator between 30°W and 12°W corresponds to place where the seasonal thermocline 
displacements change in sign from west to east (pivot of the thermocline) leading to small 
amplitude of interannual anomalies of SSH [Illig et al. 2004].   
 
2.3.2 OGCM validation 
 
This section is dedicated to the validation of the OGCM tropical Atlantic simulation. Firstly, 
comparison between the equatorial mean structure (1958 to 2015) of the tropical Atlantic 






Figure 2.5:  Top: Longitude-depth section of OGCM mean vertical temperature at the equator 
(0°N) from 1958 to 2015. The black contours represent the mean position of the 16°C, 20°C and 
24°C isotherms respectively. Bottom: Difference between mean longitude-depth sections of 
temperature from OGCM and WOA13 v2. Black contour represents 0°C. 
 
270 m (Figure 2.5) from 50°W to 10°E at 0°N is done. The simulated thermocline depth is well 
represented along the equatorial Atlantic being deeper in the western side and shallower in the 
eastern part of the equatorial Atlantic with warm waters in the upper layers and cold waters 
below the thermocline (Figure 2.5, top panel). Moreover, the simulated thermocline appears to 
be too diffuse compared to the observations. The map of the difference between the mean 
OGCM and WOA13 v2 temperature shown in (Figure 2.5, bottom panel) reveals that OGCM 
appears to be cooler than the observations in the surface layer (from 44°W to 10°W) and above 
the thermocline where the difference is less than -1°C. Within the thermocline, the difference 








Figure 2.6: Taylor diagram (cf. section 2.2.4) comparing OGCM detrended anomalies of SSH 
with PIRATA observation data (points) and AVISO (stars). Data are averaged at 0°N along the 
equatorial Atlantic (35°W, 23°W, 10°W, 0°E.) over the period 1998 – 2015. 
 
temperature above the thermocline is warmer than the observed one. Same biases were 
mentioned by Illig et al.  [2004] when validating their OGCM simulated temperature at the 
surface and subsurface along the equatorial Atlantic. The thermocline depth is well represented 
along the equatorial Atlantic being deeper in the western side than in the eastern part of the 
equatorial Atlantic.  
Figure 2.6 shows a Taylor diagram (cf. section 2.2.4) of detrended anomalies of SSH, 
computed along the equatorial Atlantic (0°N) at the 4 locations (35°W, 23°W, 10°W, 0°E) of the 
PIRATA moorings. The period used here goes from 1998 to 2015. OGCM agrees best with the 







Figure 2.7: Left: Correlation map between observed monthly detrended interannual AVISO 
SSHA and model SSHA over the 1993 - 2015 period in the southeast Atlantic Ocean. The white 
area depicts non-significant correlations at 95% confidence level (using p-value statistical test 
from Best and Roberts [1975]). Black lines represented 0.1 correlation contours. Right: Taylor 
diagram (cf. section 2.2.4) for 5° running mean detrended anomalies of coastal SSH centred at 
each latitude from 0°S- 27°S showing the model skills estimated by comparing with AVISO 
data. Data are averaged within 1 coastal band over the period 1993 to 2015. 
 
lower than 0.8 cm and correlation coefficients equal to 0.74 and 0.67 respectively. The OGCM 
has almost the same variability than AVISO SSHA. The normalized standard deviation is close 
to 1 for each PIRATA mooring location and the correlation range between 0.6 and 0.7 
(statistically significant at 95% using p-value statistical test from Best and Roberts [1975]).   
A correlation map between monthly interannual detrended anomalies of SSH using 
AVISO and the simulation is estimated (Figure 2.7, left panel). There is a good correlation 
between the simulation and AVISO SSHA statistically significant at 95% (using p-value 
statistical test from Best and Roberts [1975]), along the equatorial wave guide with correlation 
larger than 0.7 from 0°E towards the west African coast. Polewards, the zone of maximum 
correlation expands, trapped to the African coast. I report that the correlation decreases in the 





equatorial domain and the coastal domain southward up to ~ 25°S which seems to be the limit 
where the signature of the coastal trapped waves is observable [Bachèlery et al., 2016a]. 
Offshore, the lack of significant correlation represented in white in Figure 2.7 represents a 
mismatch between the OGCM and AVISO SSHA (non-significant correlation at 95%). This area 
corresponds to the area of high mesoscale activity (presence of eddies). Since there is no 
assimilation in the simulation, simulated and observed eddies are not collocated. A Taylor 
diagram (cf. section 2.2.4) summarizes the comparison between OGCM and AVISO SSH along 
the southwest African coast within a 1-degree coastal band and for various 5°-width latitudinal 
bands, centred at each point between 0°S and 27°S over the period of 1993 to 2015. Latitudes are 
shown by the color of points according to the colorbar on Figure 2.7 on the right panel. This 
diagram is used to test the realism of simulated variability against observed AVISO SSHA 
variability. As observed in Figure 2.7 (right panel), the correlation decreases, and the root mean 
square centred increases in a southward direction. This means that the disagreement between the 
model and the observations is much pronounced in the south. In the area between 0°S and 11°S, 
the simulated variability agrees well with the AVISO SSH because the amplitude or energy in 
the OGCM seems to be correct or comparable with the observed one (normalised standard 
deviation close to 1). Also, maximum correlation coefficients ranging between [0.7 – 0.8] are 
obtained between 0°S and 11°S.  
Along the southwest African coast, from 7°E to 14°E, the mean simulated cross-shore 
vertical structure of the temperature in the upper 270 m at 23°S is presented along with the 
difference between the simulation and WOA13 v2 (Figure 2.8). The simulation represents quite 
well the signature of the coastal upwelling off Namibian coast with the isotherm 15°C position 
tilted upward and is close to the surface near the coast (Figure 2.8, left panel). The difference 
between the mean vertical section of temperature at 23°S from OGCM and WOA13 v2 is 
presented in Figure 2.8 (right panel). The simulation is warmer than the observations in the 








Figure 2.8: Left: OGCM mean vertical temperature section at 23°S (1958 - 2015) as a function 
of depth (meters) and longitude (degree E) and, right: Difference between model and WOA13 
v2. The black (white) contours represent the mean position of the 15°C (17°C and 13°C) 
isotherms respectively. Black lines represent 0.2°C. 
 
 
simulated temperature is cooler than the observed one. The large difference comprises between 
1.4°C and 2°C appears close to the coast at the surface in the upper 30 m within around 400 km 
wide coastal band. The large differences observed between the OGCM and the observations refer 
to warm biases related to modelling problems encountered in the Angola-Benguela Current 
system. Similar results were obtained in the study by Bachèlery et al. [2016a] in the upper layer 
at the same position. Also, the simulation remains slightly warmer (less than 0.4°C) close to the 








Figure 2.9: Taylor diagram (cf. section 2.2.4) comparing OGCM detrended anomalies of SST 
with OI-SST data. Data is averaged within 1 coastal band over 10° to 15°S (Southern Angola), 
16.5°S to 17.5°S (ABF Zone) and 19°S to 24°S (Northern Namibia) representing the 3 coastal 
zones of interest (Figure 2.2) from the period 1982 - 2015. 
 
Figure 2.9 shows a Taylor diagram of detrended SST anomalies averaged in Southern 
Angola (red dot), the Angola Benguela Front (light blue dot) and Northern Namibia (blue dot). 
The correlation range is quite good for the 3 coastal zones [0.8 - 0.9]. Correlation decreases, and 
the root mean square centred increases in a southward direction from the northernmost domain 
with tropical water to the southernmost domain, a wind-driven upwelling domain. This is also 







Figure 2.10: a) Monthly climatology of alongshore current velocities (cm/s) at 23°S from an 
Acoustic Doppler Current Profiler (ADCP) located at ~14°E. Figure from Junker et al. [2017]. b) 
OGCM mean vertical section of meridional current velocities averaged around the same position 
as the ADCP used in (a). For both figures, the monthly mean climatology is computed over the 
period 2003 – 2015. Positive (negative) current velocity values mean northward (poleward) 
directed currents.  
 
As presented in Chapter 1, section 1.2, advection of warm Angolan tropical waters 
across the ABF into the Northern Namibia domain is a key element in the development of the 
Benguela Niño in the Angola – Benguela Current system [Rouault 2012]. Before using the 
OGCM to quantify the net mass transport across the ABF, a validation of OGCM meridional 
current velocities is performed and is presented in Figure 2.10. It was not possible to validate the 
OGCM at interannual timescales due to the scarcity of ocean current observations. This is the 
reason why validation is done at the seasonal scale. Such ADCP maps are the only one at hand to 
validate the model over this period (Figure 2.10). The seasonal cycle of OGCM vertical 
structure (from 20 - 120 m) of meridional velocities is compared to the observed meridional 
velocities measured with an ADCP located at around [~14°E; 23°S] from Junker et al. [2017] 





seasonal cycle of meridional currents between the OGCM and the ADCP currents from Junker et 
al. [2017]. Northward currents (positive values of meridional current velocities) are observed 
between May–September throughout the water column. Conversely, from October to April, the 
alongshore currents are mostly directed poleward (negative values of meridional current 
velocities). OGCM shows a weak equatorward flow (~0.01 cm/s) in the upper 45 m between 
October and December (Figure 2.10b) which was observed by Junker et al. [2017], but in the 
upper 16 m.  
In conclusion, the mean state simulated by the OGCM is quite realistic along the 
equatorial Atlantic (temperature) and in the southeast Atlantic Ocean (temperature and 
alongshore currents). Furthermore, the OGCM (SSH and SST) and OLM (SSH) show good skills 
in representing interannual oceanic dynamics in the zones of interest of this study. OLM will 
allow to interpret altimetric data and OGCM SSH in terms of equatorial wave propagations. 
OGCM will provide a useful insight into the different surface and subsurface processes related to 
Benguela Niño and Niña interannual events in the Angola Benguela Current system especially 
before the satellite era (before 1982). After the description of the data and the methodology used 
for this study, the OLM is used in following chapter in combination with PIRATA moorings and 
AVISO SSH to investigate interannual equatorial Kelvin wave propagations along the Equatorial 
Atlantic and look at their link with the coastal warm or cold events along the Angola Benguela 













CHAPTER 3  
 
3 CONNECTION BETWEEN EQUATORIAL ATLANTIC AND 





Benguela Niños and Niñas are extreme interannual warm and cold respectively which happen 
along the coast of Angola and Namibia (cf. section 1.2). The prediction of these coastal extreme 
events is crucial for the southern African regions because of their significant impacts on the 
regional rainfall and marine ecosystem. To better understand the triggering mechanisms of 
Benguela Niños and Niñas, past studies highlighted the role played by two different forcings: the 
local atmospheric forcing, mainly through the modulation of the alongshore wind stress, and the 
remote oceanic forcing, associated with the propagation of EKW and CTW (cf. section 1.3 for 
more details).  
This part of my thesis focuses on the role of the remote oceanic forcing and is dedicated to 
the investigation of the relationship between the linear Equatorial Atlantic dynamics and the 
ocean variability along the coasts of Angola and Namibia. Past studies suggested that IEKW 
played a dominant role in the development of Benguela Niños and Niñas at interannual 
timescales [Rouault et al. 2007; Bachèlery et al. 2016a; Rouault et al. 2017]. Notably, one of the 
goals of PIRATA project (cf. section 2.1.1) is to study the ocean-atmosphere interactions aiming 
to monitor the interannual activity of the long equatorial waves, in my case the IEKW. 
Additionally, the OLM (cf. section 2.1.2.2) is used to simulate long interannual equatorial waves 
in the tropical Atlantic Ocean as the one used in Rouault et al. [2007] and Rouault et al. [2017]. 
This OLM is forced by interannual wind stress anomalies and allows interpreting observed sea 





of datasets such as PIRATA dynamic Height and thermocline depth anomalies, AVISO SSHA 
and OLM SSHA are used to identify equatorial propagations related to IEKW activities and to 
define an oceanic index that we use to compare to SSTA along the Angola Benguela Current 
system.     
 
3.2 ARTICLE'S RESULTS 
 
Results from this work have been published in Journal of Geophysical Research Oceans (JGR-
Oceans) in June 2017, as: 
 Imbol Koungue, R. A., S. Illig, and M. Rouault (2017), Role of interannual Kelvin 
wave propagations in the equatorial Atlantic on the Angola Benguela Current system, J. 
Geophys. Res. Oceans, 122, 4685–4703, doi:10.1002/2016JC012463. 
 
The analysis and write up of this paper were done by myself under the guidance of my 
supervisors. All of the co-authors contributed to the writing, improvement and correction of the 
paper. 
 
3.2.1 Identification of Abnormal SSH Propagations along the Equator 
 
To identify abnormal equatorial propagations of SSH, we define a criterion which consists to 
detect DYNH and Z20 anomalies from PIRATA that exceed ± 1 standard deviation (green lines, 
Figure 3.1) for at least 2 months in a row at [0°E; 0°N] and at one other equatorial mooring 
location. When encountering missing values in monthly DYNH and Z20 PIRATA records, we 
search for 2-month abnormal altimetric SSHA at [0°E; 0°N] and at one other PIRATA mooring 
location. At the end, the detected abnormal episodes must always expect to be concomitant with 
eastward Kelvin propagation estimated from the OLM, in order to interpret local anomalies into 
basin scale IEKW. In order to document the link between equatorial Kelvin wave propagations 
and the Angola-Benguela Current system, we present in Figure 3.1 the monthly normalized 
detrended interannual anomalies of dynamic height from PIRATA (blue line), along with 





respectively) from January 1998 to December 2012 at [0ºE; 0ºN] (top), [10ºW; 0ºN] (middle), 
and [23ºW; 0ºN] (bottom). The standard deviation of PIRATA-derived DYNH anomalies at 
[0ºE; 0ºN] is 2.83 cm, 2.76 cm at [10ºW; 0ºN], and 2.33 cm at [23ºW; 0ºN]. In Figure 3.1,  
 
Figure 3.1: Monthly detrended normalized interannual anomalies of DYNH and depth of 
isotherm 20ºC from PIRATA in blue and magenta lines respectively, AVISO SSH in black line, 
and OLM SSH in red line; top, at [0ºE; 0ºN]; middle, at [10ºW; 0ºN], and bottom, at [23ºW; 
0ºN]. Green horizontal lines indicate thresholds (± 1 standard deviation) to detect abnormal 
equatorial episodes. Abnormal positive and negative SSHA propagation episodes are represented 
by red and blue rectangles, respectively. Red and blue stars above the top plot highlight 
abnormal positive and negative SSHA propagation episodes associated with wind-forced IEKW 





abnormal positive and negative SSH anomalies episodes in the eastern equatorial Atlantic are 
highlighted by red and blue rectangular shadings, respectively, which width is function of the 
duration of the episode. These coloured rectangles constitute our equatorial variability index. 
This proxy will be used throughout this chapter and the rectangles will be reproduced in the 
subsequent figures.  
At a monthly resolution, there is a good agreement between PIRATA-DYNH, AVISO 
SSH, and OLM SSH interannual anomalies (cf. Table 3.1). At [0ºE; 0ºN], there is a correlation 
of 0.68 between altimetry-derived SSH anomalies and PIRATA DYNH anomalies, while 
correlation between the OLM SSHA and PIRATA DYNH anomalies is 0.65, both being 
significant at 95% level (using p-value statistical test from Best and Roberts [1975]). The same 
analysis is also conducted using the Z20 from PIRATA moorings. Results show that, even if 
numerous gaps are presents in PIRATA Z20 data, correlation between PIRATA Z20 and 
PIRATA DYNH remains larger than 0.8 for the three equatorial moorings and 2-month lag peaks 
identified in DYNH are also captured in the subsurface PIRATA Z20 measurements (cf. Table 
3.2). Gaps occur occasionally in PIRATA at different locations, so we are also using altimetry to 
verify the robustness of our results and extend our analysis to period where no PIRATA data are 
available. Interannual OLM SSH outputs compare well with equatorial observations emphasizing 
the dominance of the equatorial wave propagation signal on the equatorial variability over the 
1998 - 2012 period, extending the results from Illig et al. [2004] over a more recent period. Thus 
OLM outputs are used here to interpret local observations in terms of basin-scale variability 
associated with IEKW. 
 
Correlation [23°W; 0°N] [10°W; 0°N] [0°W; 0°N] 
PIRATA DYNH – OLM SSHA 0.59 0.53 0.65 
PIRATA DYNH – AVISO SSHA 0.75 0.67 0.68 
OLM SSHA – AVISO SSHA 0.51 0.59 0.62 
 
Table 3.1: Correlation between PIRATA DYNH, OLM SSH and AVISO SSH monthly 
detrended interannual anomalies at [23°W; 0°N], [10°W; 0°N], and at [0°E; 0°N] over the 1998 - 
2012 period. Correlations are statistically significant at 95% (using p-value statistical test from 






Table 3.2: List of abnormal downwelling and upwelling propagations as detected in detrended 
interannual PIRATA dynamics height (DYNH), depth of 20°C isotherm (Z20), altimetric signal 
at [23°W; 0°N], [10°W; 0°N] and [0°E; 0°N], with outputs from the Ocean Linear Model (OLM) 
showing concomitant anomalous propagations. Grey cell shading corresponds to missing data in 
PIRATA records. Green check symbols correspond to 2-month abnormal episodes captured by 
time series analysis. Orange check symbols correspond to 1-month abnormal episodes. Red cross 
symbols depict anomalies that do not exceed our predefined threshold. In agreement with our 
criterion to depict strong equatorial propagations (priority to in situ PIRATA data over altimetry, 
and peaks detected concomitantly at [0°E; 0°N] and at one of the other mooring location, see 
section 2.5.3 in Imbol Koungue et al. [2017] for more details), green cell shading highlight the 
decisive information used to catalogue strong downwelling and upwelling episodes. The last 
column recapitulates the studies which mention these abnormal propagations: Foltz and 
McPhaden [2010b] (FM2010b), Doi et al. [2007] (Doi2007), Rouault et al. [2007] 
(Rouault2007), Hormann and Brandt [2009] (HB2009), Marin et al. [2009] (Marin2009), and 





A combined analysis of PIRATA, altimetry, and OLM time series allows us to identify 
numerous significant upwelling and downwelling IEKW over the 1998 - 2012 period. The 
criterion used consists to look at the PIRARA DYNH or Z20 or altimetric SSHA respectively 
that exceed the ± 1 standard deviation for at least 2 months at 0°E; 0°N and at another mooring 
location. Our results are summarized in Table 3.2 which is presented above. According to our 
criterion, abnormal downwelling IEKW SSH signatures (positive SSH episodes) occurred in 
1998 (May - September), 1999 (March - July), 2001 (January - March), 2002 (March - May), 
2003 (August - December), 2004/2005 (December - February), 2007 (September - December), 
2008 (April - July), 2008 (October - December), 2009 (April - June), 2010 (October - 
December), and 2012 (September - November). Negative SSH episodes (abnormal upwelling 
IEKW SSH signatures) occurred in 2001/2002 (October - January), 2004 (March - June), 2005 
(April - July), 2009 (June - September), 2011 (May - August), and 2011/2012 (November - 
February). These anomalies are also clearly detected earlier in time in the other mooring 
locations (Figure 3.1 middle and bottom plots) at [10°W; 0°N] and [23°W; 0°N] confirming a 
propagation in SSH from West to East. Note that the linear model shows a significant eastward 
SSH propagation from February to June 2010, which is not captured by the observations (Figure 
3.1). Thus, it is not taken into account in our equatorial index, whereas a Benguela Niña was 
observed along the western African coast afterwards. Some of these episodes were described in 
the literature. For instance, the 2001 propagation episode was extensively reported in Rouault et 
al. [2007] and linked to a warm event in the Angola-Benguela Current system in late austral 
summer 2001. The propagation of positive SSH in 1999 described here corresponds to a coastal 
warm event at the Angola Benguela front reported by Mohrholz et al. [2001] and Doi et al. 
[2007]. Furthermore, the austral fall 2002 abnormal positive propagation episode SSH is 
described in the study of Hormann and Brandt [2009], who mentioned intense downwelling 
Kelvin wave activities in 2002 along the equator. Upwelling Kelvin waves were already 
identified along the Equator at the origin of the negative SSH propagation episode in 2005 
[Hormann and Brandt, 2009; Marin et al., 2009]. More details are given in the section 3.2.2 
concerning the 2009 abnormal negative SSH episode which has been documented by Foltz and 
McPhaden [2010b] and Burmeister et al., [2016]. Note that during the 2001 downwelling 
propagation episode, no data are available from PIRATA equatorial dynamic height (DYNH). 





at [23°W; 0°N] (Figure 3.1). Normalized Altimetry monthly SSHA also capture strong abnormal 
episode at [0°E; 0°N]. In Rouault et al. [2007], the PIRATA records (depth of the isotherm 
20°C) were available in 2001 and allowed detecting the eastward propagation of higher than 
normal SSHA in early 2001. For our study, for most of the year 2001, low quality data is 
recorded with several measuring depths having low quality number 4 meaning questionable data.  
Therefore, no DYNH data are now available for download to sample the 2001 downwelling 
propagation, and only time series of Z20 at [23°W; 0°N] is available.  
 
3.2.2 Forcing and propagation of Equatorial Kelvin Waves From 1998 to 2012 
 
In order to interpret the local in situ signal from PIRATA records in terms of linear propagations, 
and better describe the propagating characteristics of the equatorial dynamics as sampled by 
PIRATA along the equator, we analyze now the equatorial wave propagation signature and the 
associated forcing.  
To do so, we have detrended and averaged the OLM key forcing parameter, viz., the 
zonal wind stress interannual anomalies over the ATL4 domain (i.e., [50°W–25°W; 3°S–3°N], 
Illig and Dewitte [2006]). This time series is displayed on Figure 3.2 (top). Most of the SSH 
positive and negative propagations described earlier (shaded rectangles) are associated with 
weaker and stronger than normal easterly wind stress anomalies, respectively. Following the 
decrease or the increase of the easterly wind stress in the western equatorial Atlantic, positive or 
negative SSHA episodes, respectively, propagate eastward through the PIRATA array of 
moorings (Figure 3.1). Close inspection of lag correlation (not shown) between zonal wind 
stress anomalies and OLM SSH anomalies reveals a 95% significant correlation of 0.6 when the 
western equatorial zonal wind stress anomalies in ATL4 lead the OLM SSH anomalies at [0°E; 
0°N] by a month. This lag of 1 month corresponds to a propagation speed of 1.6 m/s which is 
consistent with the propagation phase speed of Kelvin wave mode 2, in agreement with the study 
of Illig et al. [2004]. This leads to focus on IEKW and examine the outputs of the OLM in order 
to characterize the role of equatorial wave dynamics in the propagations of the SSH across the 
basin. 
Figure 3.2 (bottom) presents the first three gravest baroclinic modes of equatorial Kelvin 





averaged between 20°W and 0°E, at 0°N. The second baroclinic mode of IEKW is the most 
energetic mode, followed by the first one in agreement with Illig et al. [2004] and Bachèlery et 
al. [2016a]. As in Illig et al. [2004], the linear dynamics controls the equatorial variability as the 
correlation between OLM outputs and altimetric interannual anomalies remain significant at 95% 




Figure 3.2: (Top) Detrended monthly anomalies of zonal wind stress (N.m-2) averaged over 
ATL4 (50°W–25°W, 3°S–3°N). Black horizontal lines indicate ±1 standard deviation. Bottom, 
OLM detrended anomalies of Kelvin wave monthly contribution to SSHA (cm): first baroclinic 
mode in blue, second baroclinic mode in red, and third baroclinic mode in black, averaged over 
(20°W–0°E, at 0°N). Abnormal equatorial positive and negative SSHA propagation episodes 
identified in Figure 3.1 are represented by red and blue rectangles, respectively. Red and blue 
stars highlight abnormal positive and negative SSHA propagation episodes associated with wind-





between 20°W and 0°E, at 0°N (Figure 3.2, bottom) is compared with the equatorial index 
(Figure 3.1) and results show a good agreement. Thus, the OLM represents well the equatorial 
variability of IEKW propagations over the 1998 - 2012 period. Most of the western zonal wind 
stress anomalies are related to propagation of downwelling or upwelling IEKW, respectively. 
These waves propagate eastward and are observed through positive or negative abnormal SSH in 
the Eastern equatorial Atlantic (Figure 3.1, top). According to what is expected from Kelvin 
wave dynamics in connection with the modulation of the forcing, for some particular years, 1998 
(from May to September), 2001/2002 (from October 2001 to January 2002), and 2009 (from 
June to September), the direction of zonal wind stress anomalies (Figure 3.2, top) does not 
match the sign of abnormal SSH propagations. In agreement with Foltz and McPhaden [2010a], 
the analysis of the wave sequence (not shown) reveals that for the year 1998, negative zonal 
wind stress interannual anomalies force preferentially westward propagating downwelling 
Rossby waves, rather than upwelling Kelvin waves. This is more likely due to the spatial pattern 
of the wind stress anomalies that is maximal off equator. At the Brazilian coast, these Rossby 
waves reflect into eastward propagating downwelling Kelvin waves. Symmetrically, for years 
2001/2002 and 2009, decreased easterly winds in the western tropical Atlantic, through the 
propagation and reflection of upwelling Rossby waves, yield to upwelling IEKW signal in the 
Eastern Atlantic. According to Foltz and McPhaden [2010b] and Burmeister et al. [2016], the 
observed 2009 negative abnormal SSH anomalies results from a wave reflection process. The 
latter is related to anomalous northwesterly wind in the Equatorial Atlantic associated with 
strong negative Atlantic meridional mode in boreal spring 2009. This mechanism explains the 
apparent inconsistency between the sign of the wind stress anomalies in the western Atlantic and 
the equatorial SSHA in the Gulf of Guinea. This supports our idea of defining an index based on 
the IEKW activity in the Eastern Atlantic as monitored by PIRATA, rather than using wind 
stress amplitude in the western Tropical Atlantic, in order to forecast SST anomalies along the 
coasts of Angola and Namibia, which will be done in the following. 
Over 1998 - 2012, when we compare OLM second mode of IEKW (averaged within 
[20°W– 0°E; 0°N]) and wind index (averaged within ATL4 box), the 95% significant correlation 
between IEKW and SSH anomalies along the Southern Angola coastline (averaged between 
10°S and 15°S and within 1° coastal band) is significantly higher (~0.5, Figure 3.3a) than the 







Figure 3.3: (a) Correlation analysis between monthly Zonal Wind Stress Anomalies (ZWSA) 
averaged in ATL4 (50°W - 25°W; 3°S - 3°N], and monthly SSH anomalies along the African 
coast in Southern Angola (averaged between 10°S and 15°S and over 1° coastal fringe), in 
function of the Lag (in months). Negative lags indicate that ZWS leads. (b) Same but with 
correlation between monthly OLM IEKW second mode averaged between 20°W and 0°E at 0°N 
and monthly SSH anomalies along the African coast. Negative lags indicate that IEKW leads. 
The 95% significant correlation threshold is indicated by red lines. (c) Monthly OLM IEKW 
second mode in blue averaged between 20°W and 0°E at 0°N and 1 month lagged detrended 
normalized monthly SSH anomalies averaged between 10°S and 15°S and from the coast to 1° 
offshore according to the maximum of correlation that appears at lag -1. Green horizontal lines 
represent the ±1 standard deviation. Abnormal equatorial positive and negative SSHA 
propagation episodes identified in Figure 3.1 are represented by red and blue rectangles, 
respectively. Red and blue stars highlight abnormal positive and negative SSHA propagation 






variability by 1 month. Noteworthy, when we remove periods during which the sign of the wind 
does not match (according to what is expected from the linear theory) with the sign of the OLM 
second mode IEKW SSH anomalies (i.e., May - September 1998, October 2001 to January 2002, 
and June - September 2009), the correlation between the wind index and coastal SSH anomalies 
increases to reach a value of 0.4. Also, we notice that in Figure 3.3b, the significant correlations 
with IEKW leading coastal SSH anomalies occur over a broad lag interval, ranging from 0 to 2 
months, highlighting the duration of interannual events. It most likely also reflects the change in 
IEKW phase speed associated with each peculiar event and which depends on the southeastern 
Atlantic vertical structure variability and baroclinic mode contribution that will be discussed in 
detail at the end of section 3.4. Figure 3.3c presents the IEKW mode 2 time series (averaged 
within [20°W–0°E; 0°N]) and the coastal SSHA time series (averaged between 10°S and 15°S 
and within 1° coastal band) shifted ahead in time by one month. It allows appreciating the 
dynamical coherence between equatorial and coastal domains when the equatorial (IEKW mode 
2) leads the Southern Angola coastal SSH by 1 month according to the maximum of correlation 
obtained in Figure 3.3b.  
 
3.2.3 Propagations of Kelvin Waves in PIRATA Z20 
 
Figure 3.4 further illustrates the signature of eastward propagations in PIRATA records. It 
presents some specific cases used to estimate the speed of abnormal propagations as observed by 
5-day means of Z20 anomalies from PIRATA records and altimetry. This also allows us to 
calculate, for some specific strong eastward propagations, the time lags at different longitudes 
and compare estimated phase speed values to the speed of each baroclinic modes. Uncertainties 
in the estimates of propagation phase speeds using the PIRATA records are also evaluated as 
some noise could be superimposed on the peaks. We focus here on PIRATA Z20 interannual 
anomalies because fluctuations of the thermocline depth of about 15 m (deepening or shoaling) 
are also an important signature of the IEKW, which is also captured by altimetry (SSHA). 
In Figure 3.4a, we observe from the 22 October 2003, a clear eastward propagation of a 
deepening of the thermocline starting at 35°W which takes 32 days to reach the eastern part of 
the equatorial Atlantic (0°E) on the 22 November 2003. The maximum deepening of the 





with a free propagating second baroclinic mode downwelling Kelvin wave with a phase speed of 
1.4 ± 0.15 m/s, in agreement with the study of Illig et al. [2004]. The associated anomalies (SSH  
 
 
Figure 3.4: (top: from left to right, a) Longitude time Hovmöller diagram of 5 day means of Z20 
anomalies (m) along the equator inferred from PIRATA moorings and interpolated between 
mooring locations, (b) SSH anomalies (cm) inferred from AVISO along the equator averaged 
between 1°S and 1°N, (c) latitude time Hovmöller diagram of SSH anomalies (cm) inferred from 
AVISO averaged within 1° coastal fringe, and (d) time series of SST anomalies (°C) averaged 
from 10°S to 15°S within 1° coastal fringe for the period July 2003 to May 2004. Bottom, the 
same plots are represented, but for the period August 2011 to December 2012. The red and black 
tick straight lines represent eastward phase speed estimates (m/s). 
 
and Z20) last for about 3 months at 0°E, as illustrated in Figures 3.4b and 3.1 (top). The 





PIRATA DYNH and classified as strong abnormal equatorial SSH episodes (see red rectangle in 
Figure 3.1 and Table 3.2). The thermocline depth, (Z20) remains deeper than normal up to 
September 2003, when an upwelling negative propagation develops. Equatorial propagating 
anomalies are also captured by altimetry (Figure 3.4b). Similarly, in 2012 a clear eastward 
propagation of positive anomalies of Z20 larger than 10 m is observed basin wide from the 30 
August to the 27 September 2012 with a maximum deepening larger than 15 m at 0°E in early 
October 2012 (Figure 3.4e). The thermocline remains deeper by about 15 m during the 
propagation of the IEKW along the equator. An eastward phase speed of 1.6 ± 0.15 m/s is 
estimated using the abovementioned methodology. It suggests that a strong downwelling IEKW 
mode 2 was triggered in the west by a relaxation of the equatorial Trade wind (Figure 3.2 top 
plot).  
In austral autumn 2004, from 35°W toward the African coast along the equatorial wave 
guide, we observe a rapid eastward propagation of negative anomalies of Z20 from around the 15 
March 2004 and reaching 0°E around the 6 April 2004, with a maximum shoaling located East of 
10°W. Despite the lack of data in the Eastern part of the equatorial Atlantic records by the 
PIRATA buoys in April and May 2004 (also summarized in Table 3.2), this eastward 
propagation is well observed in the altimetric signal (Figure 3.4b). It suggests that shoaling of 
the thermocline takes ~15 days to travel eastward from 35°W to 0°E. The corresponding wave 
speed is around 2.00 ± 0.15 m/s and corresponds to the first baroclinic mode. Similarly, around 
the 30 October 2011 from 35°W, an eastward propagation of negative anomalies of Z20 is 
observed in the PIRATA records along the equator. It reaches 0°E around the 2nd December 
2011, characterized by a maximum shoaling of the thermocline of ~15 m at 0°E. The eastward 
IEKW speed associated is ~1.4 ± 0.15 m/s. This propagation corresponds to a second baroclinic 
mode of IEKW. This eastward propagation of SSHA is also observed in altimetry (Figure 3.4f). 
These estimated phase speed and baroclinic mode are consistent with the study of Illig et al. 
[2004].  
In Figures 3.4c and 3.4g, we observe that the anomalous equatorial propagations 
identified in Figures 3.4b and 3.4f are consistent with southward propagations along the African 
coast up to 25°S. However, the coastal anomalies are less intense than the anomalies along the 
equator and decrease as they propagate further South, in agreement with the modelling results of 





Furthermore, Figures 3.4d and 3.4h which present the interannual coastal SST anomalies 
in Southern Angola, highlight that the equatorial wave propagation identified in the observations 
(PIRATA and altimetry) are subsequently associated with extreme cold or warm SST events 
along the western coast of Africa. Indeed, downwelling propagations in austral spring 2003 and 
2012 are associated with warmer than usual SST in the coastal [10°S - 15°S] box. Conversely, 
upwelling equatorial propagations are subsequently followed by negative anomalous SST larger 
than 2°C. These preliminary results suggest that the oceanic teleconnection with equatorial 
dynamics as observed by PIRATA moorings plays an important role in the coastal interannual 
SST variability along west Africa. This will be addressed in more detail in the section 3.2.4. 
 
3.2.4 Link between equatorial variability and the Angola Benguela system 
 
In order to document the link between the equator and the Angola Benguela Current system, 
Figure 3.5 presents normalized coastal detrended OI-SST along the Angola Benguela Current 
system averaged in the 3 coastal zones of interest. On top, we show the time series of the 
Southern Angola domain ([10°S–15°S]); in the middle, the Angola Benguela Frontal zone 
([16.5°S–17.5°S], and at the bottom, the Northern Namibia upwelling domain ([19°S–24°S]) as 
shown in Figure 2.2. Here, we define an extreme warm or cold event as a period during which 
the normalized detrended SST anomalies exceed one standard deviation for at least 3 months in a 
row and for at least two of the three coastal zones. Also, when normalized detrended SST 
anomalies exceed one standard deviation for less than 3 months in a row within two of the three 
coastal zones, we distinguish the event as a moderate coastal event. Identified major SST events 
are denoted with dark red or blue triangles above the time axis on the bottom plot. Results show 
that most major warm and cold events along the African coast, especially in Southern Angola 
and Angola Benguela front domains, are linked to the equatorial variability index associated with 
IEKW propagations which are triggered by zonal wind stress anomalies in the western equatorial 
Atlantic. Based on the criterion above defined for abnormal coastal SST events, we identified 
seven major warm events: in 1998 (August - November), 1999 (March - August), 2001 (January 
- May), 2003 (July - December), 2008/2009 (November - January), 2010/2011 (November - 
April), and 2012 (October - December), and six cold events in 2001/2002 (October - March), 







Figure 3.5: Monthly detrended normalized anomalies of SST in (top) Southern Angola averaged 
from 10°S to 15°S and from the coast to 1° offshore, (middle) Angola Benguela Front region 
averaged from 16.5°S to 17.5°S and from the coast to 1° offshore, and (bottom) Northern 
Namibia averaged from 19°S to 24°S and from the coast to 1°offshore. Blue horizontal lines 
represent the threshold (±1 standard deviation) used to detect abnormal coastal SST events in the 
three domains. Dark red and blue triangles on the bottom plot represent extreme warm and cold 
events, respectively, along the Angolan-Namibian coastlines. Abnormal equatorial positive and 
negative SSHA propagation episodes identified in Figure 3.1 are highlighted with red and blue 
rectangles, respectively. Red and blue stars highlight abnormal positive and negative SSHA 
propagation episodes associated with wind-forced IEKW (as opposed to IEKW trigged by 





2011/2012 (November - March). Major warm events 2003 and 2012, as well as major cold 
events 2004 and 2011, are clearly seen in Figures 3.4c, 3.4d, 3.4g, and 3.4h. 
 
 
 Whole 15-year period Strong equatorial propagation periods 
[10°S-15°S] 0.40 0.60 
[16.5°S-17.5°S] 0.27 0.49 
[19°S-24°S] 0.16 0.68 
 
Table 3.3: Correlation between monthly detrended IEKW mode 2 anomalies averages between 
[20°W-0°W] at 0°N and monthly detrended normalized anomalies of SST in Southern Angola 
([10°S-15°S]; 1° coastal band), in the Angola Benguela Front region ([16.5°S-17.5°S]; 1° coastal 
band), and in the Northern Namibia area ([19°S-24°S]; 1° coastal band). Correlations are 
performed over the 1998 - 2012 period (1st column) and only during identified strong equatorial 
propagation episodes (2nd column), with IEKW mode 2 leading SST anomalies by 1 month. 
Correlations are statistically significant at 95% (using p-value statistical test from Best and 
Roberts [1975]). 
 
Some of these warm events were identified previously by couple of authors [Rouault et 
al., 2007; Ostrowski et al., 2009; Lübbecke et al., 2010; Rouault 2012]. There is little in the 
literature concerning cold events after 2002. The 1999 Benguela Niño at the Angola Benguela 
Front was described by Mohrholz et al. [2001] and Doi et al. [2007]. A 0.4 (0.27) lag correlation 
(cf. Table 3.3), statistically significant at 95%, is estimated when normalized detrended 
anomalies of IEKW mode 2 averaged between 20°W and 0°E at 0°N leads normalized detrended 
anomalies of SST in the Southern Angola (ABF) domains by 1 month over the whole (15 years) 
period. There is no significant correlation with Northern Namibia domain. Significantly higher 
values of correlations are estimated when only considering periods of strong equatorial 
propagations (cf. Table 3.3).  Over the periods of strong equatorial propagations, we find a 
higher correlation of 0.6 (0.49) statistically significant at 95% when OLM IEKW mode 2 leads 
detrended normalized anomalies of SST by 1 month in Southern Angola (ABF zone).   
Noteworthy, these values are dependent on the prescribed lag, with in particular higher 







Figure 3.6: Longitude-time and latitude-time Hovmöller diagrams of monthly detrended SSH 
anomalies in cm, left plot averaged between 1°S and 1°N along the equator, and right plot along 
the African coast from 0°S to 30°S and averaged from the coast to 1° offshore. 
observe in Figure 3.5, slow propagations of SST anomalies as we move from Southern Angola 
to Northern Namibia. A sensitivity to the speed of propagation of coastal SSTA is observed, 
revealing that each coastal event develops differently. The persistence and slow propagation of 





in Rouault [2012], were attributed to advection of warm tropical waters in the Northern Benguela 
upwelling domain. He found a significant lag correlation coefficient between the two domains 




Figure 3.7: (Left; top) Standard deviation) and (bottom) Hovmöller diagram of monthly 
detrended OI-SST anomalies (°C) along the equator and averaged between 1°S and 1°N, and for 
(top) the right plot standard deviation and (bottom) Hovmöller latitude-time diagram of monthly 
detrended but along the African coast from 0°S to 30°S and averaged from the coast to 
1°offshore. The yearly mean latitude from 1998 to 2012 over the October to April season of the 
isotherm 22°C is represented by the black line and its averaged position by the straight line along 





Also, local effects (coastal wind stress anomalies) could modulate the SSTA magnitude of these 
events south of the ABF zone [Richter et al., 2010; Bachèlery et al., 2016a].  
Most of the abnormal positive and negative propagation episodes described above in 
Figure 3.1 are clearly observed in Figure 3.6. Figure 3.6 is a Hovmöller diagram of monthly 
detrended altimetry derived SSH anomalies along the equator and along the African coast all the 
way to the Angola Benguela (17°S) or further South.  
Hovmöller diagram shown in Figure 3.7 illustrates the propagation of monthly detrended 
SST and shows the connection between the equatorial domain and the African coastline but with 
less success than altimetry. The main altimetry-derived propagations along the coast (Figures 
3.6 and 3.4c and 3.4g) correspond to the main IEKW identified previously. Recently, using 
modelling approach, Bachèlery et al. [2016a] argued that the propagations along the coast were 
due to Coastal Trapped Kelvin Waves (CTW), also mentioned in Ostrowski et al. [2009]. This 
suggests that the main IEKW and SSHA propagation episodes that we have identified propagate 
along the coast as CTW (cf. section 1.3). 
We summarized our equatorial variability index in relation with the major warm and cold 
events in Figure 3.8a. The red (blue) rectangles describe the positive (negative) equatorial 
propagation episodes and their duration identified in Figure 3.1 and Table 3.2. Tick symbols 
inside rectangles mean that equatorial propagations precede coastal warm or cold events in the 
Angola-Benguela Current system, while cross symbols indicate a mismatch. Results show that 
over the 1998 - 2012 period, 12 out of 18 IEKW identified episodes match coastal SSTA events. 
From October to April, 10 out of 12 equatorial SSHA episodes match coastal events, while from 
May to September 4 out of 6 equatorial propagations are not followed by coastal events along 
western Africa. Furthermore, we note that all 11 extreme coastal events (identified with contours 
on Figure 3.8a) are associated with preceding equatorial propagating signal. Also, particular 
IEKW propagation episodes in 1998, 2001/2002, and 2009 associated with Rossby wave 
reflection, show a good match with coastal SST events, which, as pointed out previously, give 
more credit to an IEKW index, rather than wind stress amplitude in the western Tropical 
Atlantic. In addition, as illustrated in Figures 3.3c and 3.5, periods with no strong interannual 
equatorial Kelvin wave episode (from July 1999 to February 2001 and from July 2005 to 
September 2007 for instance) also correspond with periods without extreme coastal SSH and 







Figure 3.8: a) Prediction score of the coastal warm and cold events using the equatorial 
variability index from 1998 to 2012. Red and blue rectangles represent abnormal positive and 
negative equatorial SSH propagation identified in Figure 3.1. Tick symbols (ü) inside rectangles 
mean that equatorial propagations precede coastal warm or cold events, while cross symbols (û) 
indicate a mismatch. Bold red and blue contours of rectangles stand for extreme coastal warm 
events (see section 2.5c in Imbol Koungue et al. [2017]). b) Seasonal cycle of 5 months running 
correlation between IEKW mode 2 anomalies averaged between [20°W-0°E] at 0°N and monthly 
detrended normalized SSTA in Southern Angola (red), Angola Benguela Front region (orange) 
and Northern Namibia (yellow). Correlations are performed only over the strong equatorial 
propagation periods (blue and red rectangles in top panel) with equatorial index leading coastal 
SSTA by one month. Green background shading indicates the best forecasting period from 





preceded by strong upwelling equatorial waves as depicted by our criterion. Notably, the linear 
model shows strong anomalous negative SSHA at 0°E and 10°W preceding the cold coastal 
event in May 2010. For the cold coastal event in August 2002, only PIRATA buoy located at 
23°W shows strong negative SSHA, no data are available at the other moorings locations and 
altimetric SSHA peaks do not fulfil the criterion. Following our methodology, both SSH signals 
are not classified as strong equatorial propagations. 
To better appreciate the link between the interannual equatorial and coastal variability, we 
computed a 5-month running correlation between IEKW mode 2 anomalies averaged between 
[20°W and 0°E; 0°N] and monthly detrended normalized anomalies of coastal SSTA in the three 
regions. We only selected period of strong equatorial SSH propagations (shading rectangles) 
when the equatorial index (IEKW mode 2) is leading coastal SSTA by 1 month. The seasonal 
cycle of the corresponding correlation is presented in Figure 3.8b. We observe that the 
maximum lag-correlation (statistically significant at 95%) occurs during austral summer. The 
peak is observed in February, when lag correlation coefficients between equatorial variability 
and SSTA in Southern Angola (red line) and in the Angola Benguela Front region (orange line) 
reach 0.75. A sensitivity to the value of the prescribed lag is observed, with, in particular, larger 
correlation values (> 0.7) for the Southern domain (Northern Namibia) when a lag of 2 months is 
considered (not shown). Over the mid-October to April period (green shading in Figure 3.8), the 
correlation in the Northern domain is significantly higher than in the other regions. In general, 
October to April seems the best season for the successful prediction of the warm and cold events 
in the Angola Benguela Current system. Notably, this good correlation highlighted in Figures 
3.8a and 3.8b does not take into account the local effects (local upwelling induced by alongshore 
wind stress variability, vertical density stratification efficiency, cloud cover fluctuations, and 
turbulent heat flux forcing), which can modulate the signature of the remote equatorial forcing 
along the western coast of Africa. Our study is thus consistent with the modelling study of 
Bachèlery et al. [2016a], who observed that at interannual timescales, remote equatorial forcing 
is more efficient to trigger coastal SSH and SST events than the local atmospheric forcing along 
the Angola Benguela coasts. But the alongshore wind forcing, with unfavourable or favourable 
local upwelling wind, is not negligible since its effects on temperature interannual anomalies can 
superimpose on the remotely forced CTW. Also, of particular interest is the vertical stratification 





agreement with our results, vertical stratification will modulate the efficiency of vertical current 
anomalies to imprint the SST [Goubanova et al., 2013], and thus austral summer stratified 
surface layer will be more prone to SST anomalies than mixed winter conditions. Also, Polo et 
al. [2008a] studied the intraseasonal EKW and highlighted two dominant periods for the 
emergence of Kelvin Waves (KW): Austral Spring (September - December) for downwelling 
KW and Austral summer (November - January) for upwelling KW. The favourable season when 
a potential propagation of the second baroclinic mode IEKW could trigger a warm or a cold 




In this chapter, we used a simple methodology, based on monthly anomaly time series at 
particular locations along the equator where real-time in situ data from PIRATA moorings are 
available and satellite SST along the southwestern coast of Africa. An OLM is used to better 
characterize the IEKW propagations along the equatorial wave guide. The relationship between 
equatorial Atlantic Ocean variability and the coastal region of Angola-Namibia is then 
investigated at interannual time scales from 1998 to 2012. Results show that over the 1998-2012 
period, the interannual OLM SSH outputs compare well with the equatorial observations 
emphasizing the dominance of the equatorial wave propagation signal on the equatorial 
variability over this period. The OLM outputs along with a methodology based on temporal and 
spatial coherence allow depicting 18 strong eastward equatorial Kelvin wave episodes in 
PIRATA and altimetric observations: 12 strong downwelling and 6 strong upwelling waves. An 
index of equatorial Kelvin wave activity is defined based on Prediction and Research Moored 
Array in the Tropical Atlantic (PIRATA). Significant correlations statistically significant at 95% 
are found along the equatorial wave guide between PIRATA monthly dynamic height anomalies, 
altimetric monthly SSHA and SSHA derived from the OLM. These significant correlations allow 
us to interpret PIRATA records in terms of equatorial Kelvin waves. We found that the second 
baroclinic mode of IEKW is the most dominant mode. Systematic analysis of all strong 
interannual equatorial SSHA showed that they precede by 1–2 months extreme interannual 
SSTA along the African coast, which confirms the hypothesis that major warm and cold events 





the equatorial Atlantic. Wind anomalies in the western Equatorial Atlantic force equatorial 
downwelling and upwelling Kelvin waves that propagate eastward along the equator and then 
poleward along the African coast triggering extreme warm and cold events, respectively. A 
proxy index based on linear ocean dynamics appears to be significantly more correlated with 
coastal variability than an index based on wind variability. Modest values of 0.4 (0.27) of the 
lagged correlation between the IEKW mode 2 and the SSTA in the SA (ABF) domains are found 
when equatorial Kelvin wave mode 2 activity leads Southern Angola (Angola Benguela Front) 
SSTA by 1 month. Furthermore, we have performed the seasonal cycle of the 5-month running 
correlation between equatorial activity and coastal variability over the identified strong 
equatorial propagation periods. Results show that the values of the lag correlation between 
equatorial variability and SSTA in Southern Angola and in the Angola Benguela Front region 
reach 0.75 in austral summer from October – April (Figure 3.8b). This season corresponds to the 
period when equatorial variability could be successfully linked to coastal SST interannual events. 
It is also a good start to set up an early warning system for the Benguela Niño and Niña along the 
west African coast between Angola and Namibia.  
As mentioned in this chapter, the study of the role of the local variability was not the 
scope of this research, and we were also limited on time with a period of 15 years. The 
agreement between the OLM and PIRATA records from 1998 to 2012 leads to extend the OLM 
solution over the period 1958 to 2015 (58-years) concomitantly with the outputs of an OGCM 
from 1958 to 2015 (cf. section 2.1.2). This will be done in the next chapter which will allow to 
study the mechanisms associated with past extreme Benguela Niños and Benguela Niñas events 








4 BENGUELA NIÑO AND BENGUELA NIÑA EVENTS AND THEIR 
CONNEXION WITH THE EQUATORIAL VARIABILITY FROM 




In the previous chapter, 15 years (1998 - 2012) of PIRATA data, altimetry, and OLM outputs is 
used to show that EKW propagations in the equatorial Atlantic played a major role for the onset 
of the Benguela Niño and Benguela Niña events in the Angola-Benguela Current system. In this 
chapter, a numerical simulation over the period 1958 - 2015 (58 years) is used to study the 
coastal interannual events including the ones that developed before the 80’s when satellite 
remote sensing of SST was not available. Most Benguela Niño and Niña studies found in the 
literature started in 1982 with the use of OI-SST. Before the satellite era and the advent of ocean 
modelling, the state of the ocean was not well known and poorly understood. Global Ocean 
measurements were not as well developed as now and were mostly done using in situ 
observations (ship measurement along sections, tide gauges, dedicated cruise). Nowadays, with 
the use of satellite estimates, state of the art models with data assimilation and observations 
(Argo floats, buoys, and gliders), oceanic processes are better understood at a global scale. The 
results obtained in this chapter focus on extreme warm and cold coastal events including the ones 
that occurred during the 60’s and 70’s (Benguela Niño 1963) and are compared with a paucity of 
available papers by previous authors such as Stander and De Decker [1969]; Shannon et al. 
[1986].  
In this chapter, I will firstly classify the different types of coastal events using the 58 
years long time series of the validated OGCM in terms of extreme or moderate coastal events. 





passage of a CTW is a good indicator in the development of Benguela Niño and Niña in the 
NBUS according to Rouault [2012], I will also calculate the coastal net mass transport and the 
net temperature transport at 17°S within 1° coastal band using the OGCM outputs. Thirdly, 
February-March-April composite maps of some well-known extreme coastal events are 
illustrated and compared with the newly identified extreme coastal events. Please, note that in 
this chapter, all the monthly detrended anomalies will be normalized with respect to their 
seasonal standard deviation (cf. section 2.2.2) as in Rouault [2012]. 
 
4.2 CLASSIFICATION OF DIFFERENT TYPE OF COASTAL EVENTS 
 
Before starting the description of the results, I want to highlight the fact that the OGCM 
temperature a 10 m (hereafter T10) is used instead of OGCM SST for the rest of this thesis. The 
reason being that the OGCM SST could be impacted by turbulent heat fluxes and related net heat 
budget at the surface in the OGCM which could influence the SST. However, there is no 
difference between the two simulated OGCM temperature at surface and at 10 m (not shown), 
because both levels are found within the model mixed layer depth. In order to identify and 
classify the coastal warm and cold events along the Angolan - Namibian coastlines, Figure 4.1 
represents the normalized detrended anomalies of model T10 along the Angolan - Namibian 
coastlines averaged in the 3 coastal zones of interest as shown in Figure 2.2, between 10°S to 
15°S from the coast to 1° offshore (top), between 16.5°S to 17.5°S within 1°coastal band 
(middle), and between 19°S to 24°S within 1° coastal band (bottom). Data are detrended, but this 
does not significantly affect the identification and classification of the different events. I will 
comment on the detrending of the data further below. Criteria are used to identify coastal 
extreme or moderate warm or cold events. I define an extreme warm or cold event when T10 
anomalies exceed the threshold of ±1 standard deviation (STD) for at least 3 months for at least 2 
domains. I define a moderate warm or cold event when T10 anomalies exceed the threshold of 
±1 STD for at least 2 months in one domain and 1 month in another domain. Note that 
differences (in terms of duration) could occur between some previous identified coastal events 
using OI-SST in chapter 3 and the ones identified in this chapter due to the fact that the criteria 





years) which give a slightly different monthly climatology and different standard deviations with 
weaker variability and therefore different normalized T10 anomalies. Also, the OGCM outputs 
can differ from observations or satellite estimates, the latest having also their shortcoming. 
Based on these criteria above defined, a total of 55 anomalous coastal events shown in 
Figure 4.1 with coloured rectangles are identified and classified into 26 extreme coastal events 
(16 extremes warm and 10 extreme cold events) and 29 moderate coastal events (13 moderate  
 
Figure 4.1: Monthly detrended normalized anomalies of T10 in (top) Southern Angola averaged 
from 10°S to 15°S and from the coast to 1°offshore, (middle) Angola Benguela Front region 
averaged from 16.5°S to 17.5°S and from the coast to 1° offshore, and (bottom) Northern 
Namibia averaged from 19°S to 24°S and from the coast to 1° offshore. Black horizontal lines 
represent the threshold (±1 standard deviation) used to detect extreme and moderate coastal T10 
events in the three domains. Red (blue) and light red (light blue) rectangles represent extreme 








































1958/12 – 1959/07 
1960/09 – 1961/04         
1962/12 – 1963/09 
1974/04 – 1974/07 
1976/12 – 1977/06 
1984/02 – 1984/05 
1984/06 – 1984/09 
1986/02 – 1986/05 
1994/10 – 1994/12 
1995/02 – 1995/04 
1997/10 – 1998/01 
1998/02 – 1998/07 
1999/04 – 1999/07 
2001/02 – 2001/05 
2010/09 – 2011/04 









































































































1965/09 – 1965/12 
1978/03 – 1978/05 
1979/10 – 1980/05 
1980/10 – 1981/04  
1981/12 – 1982/08 
1983/03 – 1983/07 
1985/03 – 1985/06 
1991/10 – 1992/06 
1996/11 -1997/06 






























































Table 4.1: Extreme coastal warm and coastal cold events along the southeastern Atlantic Ocean, 
showing the event periods, peak month of the event and their duration in each of the 3 coastal 
zones of interest. 
warm and 16 moderate cold events). Extreme warm and cold events are summarized in Table 
4.1, whereas the moderate warm and cold ones are summarized in Table 4.2. Indeed, over the 
period 1958 to 2015, for both type of coastal events, 29 warm events and 26 cold ones in total 





to be expected since the equatorial T10 signal is actually positively skewed, with more strong 
positive events and less weak and long negative events. For instance, the skewness of T10 
anomalies in the ABF zone (Figure 4.1, middle panel) is 0.1 and in the Northern Namibia 
(Figure 4.1, bottom panel) zone is 0.5. Past studies identified some of these warm and cold 
events in the southeast Atlantic Ocean [Stander and De Decker 1969; Shannon et al., 1986; 
Walker 1987; Florenchie et al. 2004; Reason et al., 2006; Rouault et al., 2007; Ostrowski et al., 
2009; Lübbecke et al., 2010; Rouault, 2012; Imbol Koungue et al., 2017; Rouault et al., 2017]. 
However, new extreme coastal events which are not described in the previous studies are 
identified; namely, the extreme warm events 1958/1959 (December – July), 1960/1961 
(September - April), 1974 (April - July). Similarly, undocumented extreme cold events are 
identified in 1965 (September - December), 1978 (March – May), 1979/1980 (October - May), 
1980/1981 (October - April), 1985 (March - June). Most of these extreme warm and cold events 
occurred in the 3 coastal zones of interest excluding extreme cold events 1965 (September - 
December), 1978 (March – May) which develop only in Southern Angola and ABF zone. There 
is a long cooling period (1980 to 1983) composed of four successive extreme cold coastal events 
occurring at the same time in the three coastal zones of interest (Figure 4.1). The coastal warm 
events in 1984 (February - April) and 1984 (June - September) identified by the OGCM are 
described as one single event 1984 in the literature [Rouault et al., 2003; Florenchie et al., 
2003,2004; Lübbecke et al., 2010; Rouault, 2012]. Similarly, the extreme coastal events 1994 
(October - December) and 1995 (February - April) identified with the OGCM are described as 
one single event 1994/1995 (December - July) by Rouault [2012]. The reason for splitting these 
two events is based on the abovementioned criteria that are used to identify the different events. 
Also, Rouault [2012] only used OI-SST and the Northern and Southern domains for his criteria. 
Monthly T10 anomalies indeed drop suddenly in May 1984 (January 1995) and are below +1 
STD in the 3 domains before increasing again in the following month (Figure 4.1). Lutz et al. 
[2013], based on SST only found a major warm event in from January 1963 to March 1964 that 
is represented in the OGCM as a moderated coastal warm event in 1963/1964 (November – 
February). The duration of the warm and cold coastal events (Table 4.1), varies from a couple of 
months to half a year or more (for example the Benguela Niños 1995 and 2010/2011) consistent 
with findings of Florenchie et al. [2004]. The periods during which anomalous coastal events 




































1962/05 – 1962/07 
1963/11 – 1964/02 
1978/11 – 1978/12 
1990/09 – 1990/10 
1991/05 – 1991/06 
1996/04 – 1996/05 
1998/09 – 1998/11 
2002/03 – 2002/05 
2004/09 – 2004/10 
2005/01 – 2005/03 
2006/03 – 2006/04 
2007/01 – 2007/05 

























































































1966/09 – 1966/11 
1968/09 – 1968/11 
1969/01 – 1969/02 
1969/04 – 1969/05 
1969/12 – 1970/01 
1971/11 – 1972/02 
1974/09 – 1975/01 
1979/03 – 1979/04 
1986/12 – 1987/02 
1994/02 – 1994/07 
2001/11 – 2002/02 
2004/03 – 2004/04 
2005/05 – 2005/06 
2012/02 – 2012/03 
2015/02 – 2015/03 


































































































Table 4.2: Classification of moderate coastal warm and coastal cold along the southeastern 
Atlantic Ocean, showing the event periods, peak month of the event and their duration in each of 
the 3 coastal zones of interest. 
 





reported in chapter 3 or by Rouault et al. [2017] is here September 2010 – to April 2011. Some 
previous identified coastal events using OI-SST in chapter 3 such as coastal warm events 2003 
(July–December), 2008/2009 (November–January) do not fulfil the criteria here.  
 
Figure 4.2: OLM detrended anomalies of Kelvin wave monthly contribution to SSHA (cm): first 
baroclinic mode (K1) in black, second baroclinic mode (K2) in red, and third baroclinic mode 
(K3) in blue, averaged over (20°W–0°E, at 0°N). Coastal warm or cold events identified in 
Figure 4.1 are represented by red and blue rectangles, respectively. 
 
According to the good agreement observed in Figure 3.1 between PIRATA Dynamic 
Height and the OLM SSHA in the monitoring of the IEKW (statistically significant correlation at 
95% of 0.65 at [0°E; 0°N]) along the equatorial wave guide, OLM outputs are used to 
characterize the long IEKW propagations along the equatorial Atlantic that occur between 1958 
– 2015 (Figure 4.2). Before 1980, many assumptions or suggestions were made Shannon et al. 
[1986] to link the various observed extreme warm coastal events (1963) to remote forcing in the 
western part of the equatorial Atlantic. For example, Shannon et al. [1986] found that the 1963 
Benguela Niño was associated with low, westward wind-stress off Brazil. Using DFS wind stress 
to force the OLM, most of the coastal warm (cold) events are preceded by downwelling 
(upwelling) EKW propagations. This means that the remote oceanic forcing is at the origin of 
most of the coastal events along the Angola Benguela Current system as it was the case for 
PIRATA period (1998 – 2012). For example, the linear model shows that positive IEKW mode 2 
(in red) anomaly along the equatorial Atlantic occurs ~1 month before the extreme warm coastal 
event 1962/1963 along the Angola – Namibia coastline. Therefore, remote oceanic forcing 





the 1963 Benguela Niño reported by Shannon et al. [1986].   
Figure 4.3a illustrates the number of occurrences of the calendar month at which the 
events peak. Top panel presents this distribution for the sum of extreme warm and cold events 
for the 3 different coastal zones (Southern Angola in red, ABF in blue and Northern Namibia in 
black), whereas the bottom panel presents the occurrences for the total moderate events. Figure 
4.3a shows that for all the coastal zones, most of the occurrences happens from Austral spring to 
late summer (October to April) with a maximum of 5 occurrences in April and May (Southern 
Angola, zone 1), 7 in April (ABF, zones 2) and 6 in March (Northern Namibia, zones 3) for the 
total extreme coastal events (cold + warm). Late summer season (February to April) seems to be 
the peak season for Benguela Niño which agrees with the literature. This period (February – 
April) belongs to the October – April season which seems to be the best period for an IEKW 
mode 2 to be linked to Benguela Niño or Niña event along the Angola Benguela Current system 
(cf. section 3.2.4). There are 18 of 26 occurrences of extreme events (69%) in Southern Angola, 
21 out of 26 occurrences of extreme events (80%) in ABF zone and 16 out of 20 occurrences of 
extreme events (80%) in Northern Namibia occurring between October and April along the 
Angola – Benguela Current system. Notably, October - April was the best season for an 
Equatorial Kelvin wave mode 2 to be linked to a Benguela Niño or Niña in the Angola Benguela 
Current system [Imbol Koungue et al. 2017]. This will be discussed later in Chapter 5. Outside 
this period (October – April), the number of occurrences of extreme coastal events is low or null 






Figure 4.3: Number of occurrences of the peak month of each event with respect to the calendar 
months. a) Sum of extreme warm and cold coastal events for the different zones (Southern 
Angola (SA) in red, ABF in blue and Northern Namibia (NN) in black). b) The same as in a), but 





Namibia (August and September).  In Figure 4.3b, October to April seems to be the favourable 
period for the development of moderate coastal events for Southern Angola and ABF zones 
despite the fact that the number of occurrences of moderate coastal events is lower than the 
number of occurrences of extreme events obtained in Figure 4.3a. In terms of percentage for the 
occurrence of a peak during October - April season using the total moderate events (Figure 
4.3b), 19 out of 27 (70%) in Southern Angola, 22 out of 29 (75%) in ABF and 11 out of 17 
(65%) in Northern Namibia. The percentages of occurrences of moderate coastal events in the 
three zones of interest remain high. 
Figure 4.4 shows all the 55 anomalous T10 coastal events sorted from the warmest to the coolest 
in the 3 coastal zones of interest (Figure 2.2, SA (a), ABF (b), NN (c)), and their associated 
intensities in IEKW mode 2. The intensity of each event is calculated as the sum of the T10 
anomalies during the event divided by the duration of the event (number of months). The same 
method is used for estimated the intensity of IEKW mode 2 with IEKW mode 2 leading T10 
anomalies by 1 month, this means that the time series of IEKW mode 2 is shifted forward by one 
month to be in advance on T10 anomalies before computing its intensity.  
Results show that although the intensities of the coastal events associated with IEKW 
mode 2 are smaller compared to the T10 anomalies one (red line), there is a quite good 
agreement between the intensity in T10 anomalies (°C/month) and the intensity of IEKW mode 2 
(cm/month). Both time series seem to vary together meaning in that the coastal warm and cold 
events are related to positive and negative intensities of IEKW mode 2 respectively, except for 
the extreme warm coastal event 1976/1977 (December – June) where the intensity of the IEKW 
mode 2 is below 0. This suggests that the remote equatorial forcing is not at the origin of the 
1976/1977 extreme coastal warm event, while it seems to trigger the undocumented extreme 
coastal warm events with positive IEKW mode 2 anomalies during the 1958/1959, 1960/1961, 
1974 events and upwelling IEKW mode 2 during extreme coastal cold events in1965, 1970, 
1979/1980, 1980/1981 and 1985. For most of the moderate warm and cold events, the intensity 
of IEKW mode 2 along the equatorial Atlantic is very weak and around 0 respectively. Over the 
period 1958 to 2015, the warmest coastal event occurring in the three coastal domains is 
1962/1963 (December – September) and the coolest coastal events are 1981/1982 (December – 







Figure 4.4: Classification of the coastal events from the warmest to the coolest using OGCM 
T10 from 1958 to 2015 in the: (a) Southern Angola, (b) Angola-Benguela Front, (c) Northern 
Namibia. Dotted red line represents the T10 anomaly intensities (T10int from OGCM, °C/month) 
of each coastal event. The black line with triangles represents the intensities of IEKW mode 2 
(KW2int from OLM, averaged within [20°W-0°E; 0°N], cm/month) shifted forward by 1 month 
(leading T10 by 1 month, in agreement with Figure 4.5) and averaged over the duration of the 
coastal event. The height (start and end) of the bar corresponds to the period when the event 
occurs which is represented on the right y-axis. The black vertical line separates the warm from 
the cold events. The labels in red (blue) highlight the warmest (coolest) coastal events observed 






Figure 4.5: Correlation analysis over 1958 - 2015 between monthly OLM IEKW second mode 
(IEKW2) averaged between 20°W and 0°E at 0°N, and monthly OGCM T10 anomalies (T10A) 
along the African coast in a) Southern Angola (averaged between 10°S and 15°S and over 1° 
coastal fringe), b) Angola-Benguela Front (averaged between 16.5°S and 17.5°S and over 1° 
coastal fringe) and c) Northern Namibia (averaged between 19°S and 24°S and over 1° coastal 
fringe) in function of the Lag (in months). Negative lags indicate that IEKW2 leads. The 95% 
significant correlation threshold is indicated by red lines. 
To confirm the relationship between the remote oceanic forcing (EKW) and the coastal 
events along the southwest African coast, lag correlation analysis is performed (Figure 4.5) 
between coastal OGCM T10 detrended anomalies and OLM IEKW mode 2 detrended anomalies 





95% when detrended anomalies of IEKW mode 2 averaged along the equatorial Atlantic lead 
detrended anomalies of T10 in Southern Angola (Figure 4.5a) and the ABF zone (Figure 4.5b) 
by 1 month. Similarly, maximum correlation statistically significant at 95% of ~0.4 (0.35) is 
found when IEKW mode 2 anomalies lead T10 anomalies in Northern Namibia (Figure 4.5c) by 
1 (2) month(s). The significant correlations between the IEKW mode 2 and T10 anomalies mean 
that downwelling or upwelling IEKW mode 2 which are triggered by change in the easterlies in 
the western equatorial Atlantic, are linked to positive or negative coastal events along the Angola 
– Benguela Current system respectively with IEKW mode 2 leading coastal T10 anomalies by 1 
month. There is a significant correlation at lag 0 between IEKW mode 2 and T10 anomalies in 
the 3 coastal zones. Significant correlations when IEKW mode 2 is leading T10 anomalies 
appear in the range [1 - 3] months for Southern Angola and ABF and [1 – 7] months in Northern 
Namibia. The broad range of lags between IEKW mode 2 and T10 anomalies could be attributed 
to the changes of IEKW phase speeds which are associated with each particular coastal event and 
which could depend on the local vertical stratification and baroclinic mode contributions. It 
could also be attributed to persistence of warm events after their onset. For northern Namibia it is 
consistent with lag correlation between Angola and Namibia fund by Rouault [2012] due to slow 
advection of warm anomalies by transport. Maximum correlation (~0.5) statistically significant 
at 95% is obtained in Figure 4.5b which is similar to the correlation obtained in Chapter 3 
(Figure 3.3b) between IEKW mode 2 and SSTA in Southern Angola when using the PIRATA’s 
period (1998 – 2012).  
Equatorially-forced coastal trapped waves interact with the alongshore currents along the 
Angola – Benguela Current system depending on their characteristics. During its passage, a 
downwelling (upwelling) coastal trapped wave could strengthen (decelerate) local coastal 
currents along the Angola-Benguela coast [Ostrowski et al. 2009]. This interaction between the 
coastal trapped waves and the current could impact on the meridional transport across the ABF. 
According to Rouault [2012], there is a relationship between anomalies of near meridional 
transport across the ABF (17°S) and the SST anomalies in Northern Namibia. In the following 
section, I will assess the contribution of modelled coastal net transport at the Angola - Benguela 
front to investigate the connection between the Angola – Benguela Front zone and the Northern 






4.3 COASTAL NET MASS TRANSPORT AT 17°S AND ITS LINK WITH THE WARM OR 
COLD EVENTS IN NORTHERN NAMIBIA 
 
According to the previous studies [Rouault, 2012; Rouault et al. 2017], warm or cold coastal 
events are related to southward or northward transport anomalies along the southwest African 
coastline respectively. Therefore, assessing the advection of warm or cold waters in the NBUS 
(from 19°S to 25°S) or further south, is a key element for the development of the Benguela 
Niños or Niñas. This meridional transport at 17°S is taken as a proxy as in Rouault [2012]. A 
detailed circulation at the ABF to better understand how representative is the meridional 
transport at a single latitude (17°S) for the cross-frontal transport would be more representative, 
but this is beyond the scope of this study.   
 Figure 4.6 presents the annual cycle of the meridional volume transport at 17°S across 
the ABF averaged in the upper 120 m within 1° coastal band. Throughout the year, across the  
 
 
Figure 4.6: Mean annual cycle from 1958 - 2015 of the modelled meridional volume transport at 
the Angola - Benguela front (17°S) averaged between the surface and 120 m and from the coast 
to 1 degree offshore in Sv (Sverdrup, 1 Sv = 106 m3/s).  





winter) with a value of 0.2 Sv. The poleward flow starts to intensify in July and peaks in October 
(1.4 Sv). Afterwards, the poleward flow decreases again until December. These results agree 
partially with modelled transport reported in Rouault [2012] who found a bimodal behaviour of 
the meridional transport across the ABF with maxima in February and October and minima in 
austral winter and in December using an OGCM with a lower resolution than here from 1982 – 
2002. However, the first maximum in February observed by Rouault [2012] is not represented by 
the present simulation. Also, Rouault [2012] found a reversal flow (equatorward flow) in June 
which is not observed in my estimated meridional transport as well. All these points will be 
discussed further below in the general discussion. 
 
Figure 4.7: Monthly detrended normalized anomalies of meridional volume transport (Netmt17s 
in blue) at the Angola - Benguela front (17°S) averaged between the surface and 120 m (black 
line) and monthly detrended normalized anomalies of T10 (in black)) averaged in the Northern 
Namibia domain (19°S – 24°S). Data are averaged from the coast to 1 degree offshore. Positive 
values of transport indicate reduced poleward flow or equatorward flow whereas negative values 
of transport indicate strong poleward flow. Coastal warm or cold events identified in Figure 4.1 
are represented by red and blue rectangles, respectively. 
 
Figure 4.7 presents a comparison between the monthly detrended normalized anomalies 
of meridional volume transport across the ABF located around (17°S) and the monthly detrended 
normalized anomalies of T10 downstream (in Northern Namibia) calculated over 1958 to 2015. 
High-frequency fluctuations being observed in the time series of normalized detrended 





normalized anomalies of meridional volume transport were smoothed with a 3-month running 
windows as in Rouault [2012]. Positive anomaly of meridional volume transport accounts for 
reduced poleward flow or equatorward flow and negative anomaly of the meridional volume 
transport depicts a stronger poleward transport than the seasonal average (Figure 4.6). The 
volume transport across the ABF seems to mirror the identified coastal warm and cold events. 
Interestingly, most of the warm or cold events are associated with a stronger or weaker poleward 
flow across the ABF respectively. Results also indicate that the Benguela Niño 2010/2011 is 
associated with a strong poleward transport of warm tropical waters in Northern Namibia at the 
beginning of the event. This result is in agreement with Rouault et al. [2017] which highlighted 
the role played by the poleward subsurface current by advecting warm tropical waters in the 
Northern Namibia. During the long cooling period (1980 to 1983), positive anomalies of 
meridional transport are observed (weaker than normal poleward transport in 1979/1980, 
1980/1981, 1981/1982; and equatorward flow in 1983) which could enhance the local cooling by 
advecting cold Benguela waters. The warmest coastal event (1962/1963) is linked to a less strong 
poleward flow compared to other extreme coastal warm events (1958/1959, 1960/1961, 1974, 
1976 /1977, 1995, 2010/2011) where considerable strong poleward transport is observed 
(transport anomalies below -1 standard deviation). The strongest poleward transport anomaly 
occurs in June 1995 (-2.2 standard deviation), 3 months after March 1995, peak month of the 
1995 extreme coastal warm event. A strong poleward flow in February 1995 (1 month before the 
peak month of the 1995 warm event) is still observed which could partly favour the warming in 
the Northern Namibia in 1995. Conversely, for the coolest coastal event in 1996/1997 where 
detrended normalized anomalies of T10 reach -3.2 standard deviation in April 1997, a weak 
poleward flow (above 1 STD) is observed with two peaks of 1.95 (1) standard deviation in 
August 1996 (December 1996) respectively 9 (4) months before the peak in T10 anomalies in 
April 1997 (Table 4.1)). Over 1958 to 2015, the maximum meridional transport anomaly occurs 
in August 1996 (~1.95 standard deviation) corresponding to an equatorward flow which could 
partially explain the coolest coastal event 1996/1997 (November – June). However, some coastal 
events like the 1991/1992 (October - June) do not seem to be linked to the meridional transport 
anomalies across the ABF domain. For the case of the 1991/1992 extreme coastal cold event, 
strong poleward transport anomalies occurred during the extreme coastal cold event. This means 





extreme coastal cold event in Northern Namibia.  
Figure 4.8 is an update of Figure 4.4 and illustrates the intensities of the equatorial 
forcing (IEKW mode 2) and the meridional transport anomalies across the ABF (Netmt17S) with 
respect to each of the anomalous coastal T10 anomalies events that develop in Northern 
Namibia. The method used to calculate the intensity of an event is stated in section 4.2. Note that 
the original time series of anomalies of IEKW mode 2 along the equatorial Atlantic and 
meridional transport anomalies across the ABF are shifted forward by 1 and 2 months 
respectively to lead the T10 anomalies in Northern Namibia before computing the intensities 
with respect to the period when the coastal events occur. In many cases, positive or negative 
intensities of T10 anomalies are associated with negative intensities (stronger poleward transport 
than the seasonal average) or  
  
 
Figure 4.8: Same as Figure 4.4c, with an additional green line with open dots that represents the 
intensities of OGCM meridional transport à 17°S (Netmt17Sint, averaged with the 1°-width 
coastal fringe, Sv/month) shifted forward by 2 months (leading T10 by 2 months, in agreement 
with Figure 4.9) and averaged over the duration of the coastal event. 
 
positive intensities (reduced poleward flow or equatorward flow) intensities of meridional 
transport anomalies across the ABF concomitantly with positive or negative intensities of IEKW 
mode 2 along the equatorial Atlantic. For example, it is the case for the newly identified extreme 





Sv/month and -2.6 Sv/month respectively associated with downwelling IEKW mode 2 
propagations. The intensity of the meridional transport across the ABF associated to the third 
new extreme event (1960/1961) is slightly negative, indicating a weak reduced poleward flow 
across the ABF. Also, intensities of other extreme warm events for example (1995 and 
2010/2011 extreme warm events) are well related to poleward transport across the ABF. 
However, some anomalous warm events are associated with reduced poleward flow or 
equatorward flow. That was the case of the 1962/1963 Benguela Niño which is instead linked to 
downwelling EKW mode 2 propagations. The 1976/1977 extreme warm event is not remotely 
forced as this extreme warm event is concomitant with the propagation of an upwelling IEKW 
mode 2 (cf. Section 4.2). However, the weak poleward transport across the ABF could have 
contributed to the advection of warm waters in Northern Namibia during the 1976/1977 extreme 
warm event.  
All the undocumented extreme cold events (1965, 1978, 1979/1980, 1980/1981, 1985) 
and other anomalous coastal events are associated with a reduced poleward flow or equatorward 
flow across the ABF even though the intensities of transport anomalies are weak and propagation 
of upwelling EKW mode 2 are recorded. An exception is observed for the 1991/1992 extreme 
cold event (as observed in Figure 4.7) and 1986/1987 moderate cold event which are related to 
poleward flow (negative intensity of meridional transport) across the ABF. This suggests that 
poleward transport develops across the ABF which is not favourable for the advection of cold 
waters in Northern Namibia.   
Over the period 1958 to 2015, the strongest poleward flow across the ABF occurs during 
the 2010/2011 Benguela Niño (September – April) with a meridional transport intensity of -7.5 
Sv/month.  The weakest poleward flow (5.1 Sv/month) occurs during the extreme cold coastal 
events in 1981/1982 (December – August) which is the second coolest event over the 58 years. 
Over 1958 - 2015, a modest but significant correlation at 95% occurs when the detrended 
anomalies of the meridional transport (not smoothed) across the ABF lead the interannual 
detrended anomalies of T10 in the Northern Namibia domain by 1 to 6 months with a maximum 
anti-correlation of -0.2 at 2-month lag (Figure 4.9). Note that the correlation observed at 1-
month lag (Figure 4.9) is of the same order of magnitude. The timing between IEKW mode 2, 
meridional transport, and T10 anomalies will be further discussed in Chapter 6. Significant 





interannual detrended anomalies of T10 in the Northern Namibia domain by 2 months (Figure 
4.5c). This means that over the whole study period, in absolute value, modest but statistically 
significant correlation (-0.2) at 95% between anomalies of meridional transport across the ABF 2 
months ahead of T10 anomalies in Northern Namibia is smaller than the one obtained with 
anomalies of IEKW mode 2 and T10 anomalies in Northern Namibia (0.35) at 2 month lags 
(Figure 4.5c). However, considering only the periods of when moderate or extreme coastal 
events occur and by shifting forward the meridional transport and IEKW mode 2 anomalies time 
series by 2 months, improve the correlation up to -0.32 and 0.55 statistically significant at 95%. 
Therefore, this emphasizes the fact that the remote oceanic forcing via IEKW propagations is the 
leading mechanism on the onset and development of most of the anomalous coastal events in 
Northern Namibia in agreement with results in Chapter 3. Then, meridional transport anomalies 
contribute to the development of these  
 
Figure 4.9: Correlation analysis between monthly meridional net mass transport anomalies 
across the ABF (Netmt17s) averaged in the upper 120 m and from the coast to 1° offshore , and 
monthly T10 anomalies along the African coast in Northern Namibia (averaged between 19°S 
and 24°S and over 1° coastal fringe), in function of the Lag (in months). Negative lags indicate 
that Netmt17s leads. The 95% statistically significant correlation threshold is indicated by red 
lines. 
 





significant at 95% when the detrended normalized anomalies of T10 in the Northern Namibia 
domain lead the detrended normalized anomalies of transport across the ABF. The study of these 
lags of 7 to 11 months where the minimum correlation is ~ -0.15 statistically significant at 95% 
is beyond the scope of this thesis. There is no correlation at lag 0. This range of lags (1 to 6 
months) between the net meridional transport across the ABF and the T10 anomalies in the 
Northern Namibia domain will be discussed in more detail further below. 
The following section will assess the temperature transport anomalies at 17°S in order to 
observe if the correlation reported previously (-0.2) between meridional transport anomalies 
across the ABF and T10 anomalies will increase and look at a potential role of temperature 
transport across the ABF on the T10 anomalies in Northern Namibia.  
 
4.4 COASTAL NET MERIDIONAL TEMPERATURE TRANSPORT ACROSS THE ABF 
(17°S) 
 
Since meridional transport across the ABF zone is a key factor in the development of Benguela 
Niño and Niña, the net meridional temperature transport across the ABF is calculated here to 
check if the correlation between net mass transport anomalies across the ABF and T10 anomalies 
in Northern Namibia could be improved when using temperature transport. The net meridional 
temperature transport defines the amount of heat carried by the meridional currents over a 
defined area. By considering this definition, the net meridional temperature transport (Q) at 17°S 
integrated over depth (0 – 120 m) and within 1° coastal band is defined as the product of the 
meridional velocity field V = V(x, y, z, t) with the temperature field T = T(x, y, z, t) integrated 
zonally and over depth at 17°S as illustrated in the equation below:   
 
Where ρ is the reference density of seawater taken at 1025 kg.m-3, Cp represents the specific heat 
capacity constant of seawater equal to 4.18 J/kg/°C. The seasonal cycle of the estimated 
meridional temperature transport across the ABF is presented in Figure 4.10. Across the ABF, 
the variations in the annual meridional temperature transport mimics the meridional volume 
transport shown in Figure 4.6. The seasonal cycle of temperature transport reveals that there is a 





strong poleward transport of heat across the ABF which remains poleward (negative values) 
throughout the year. The temperature transport across  
 
Figure 4.10: Same as Figure 4.6, but for the meridional temperature transport (in petawatt 
(PW), 1 PW = 1015 W). 
  
the ABF is minimum in June (0.015 PW) and begins to strengthen in July (0.026 PW) and peaks 
in October (0.09 PW) where the maximum is observed. A decrease in the poleward temperature 
transport is observed until December. The same conclusions as for the meridional transport 
anomalies can be drawn using monthly detrended normalized anomalies of temperature transport 
across the ABF (Figure 4.11).  
Figure 4.11 represents both time series of monthly detrended normalized anomalies of 
meridional temperature transport and meridional volume transport across the ABF averaged in 
the upper 120 m. There is no difference in variation between the two time series. This is 
expected since both parameters have the same variation for the seasonal cycle (Figures 4.6 and 
4.10). However, small differences can be observed in terms of amplitude. Note that a Reynolds 
decomposition of the meridional temperature transport anomalies reveals that the term transport 





anomalies across the ABF compared to the transport of temperature anomalies times mean 
current and transport of temperature anomalies times current anomalies.   
 
Figure 4.11: Monthly detrended normalized anomalies of meridional volume transport 
(Netmt17s in blue) and detrended normalized anomalies of meridional temperature transport  
(Netht17s, in black, in petawatt (PW), 1 PW = 1015 W) at the Angola - Benguela front (17°S) 
averaged between the surface and 120 m. Positive values of transport indicate reduced poleward 
flow or equatorward flow whereas negative values of transport indicate strong poleward flow. 
Coastal warm or cold events identified in Figure 4.1 are represented by red and blue rectangles, 
respectively. 
 
Correlations between temperature transport anomalies across the ABF and T10 anomalies 
downstream in Northern Namibia are estimated. Previously in section 4.3, correlation of -0.2 
statistically significant at 95% were reported when detrended normalized anomalies of 
meridional transport lead T10 anomalies in Northern Namibia by 2 months. For the case of 
temperature transport, statistically significant correlation at 95% of -0.22 when the detrended 
normalized anomalies of temperature transport lead detrended normalized anomalies of T10 by 2 
months (Figure 4.12). The correlations remain the same as the difference is around 0.02. Also, 
significant correlation lags range between 0 to 7 months with the temperature transport 
anomalies instead of 0 to 6 months previously found with the transport anomalies (Figure 4.9). 
No differences are observed in terms of lags and correlation values when temperature transport 





using the meridional temperature transport anomalies across the ABF do not improve the level of 
correlation between meridional transport across the ABF and warm or cold events along the 
coast of western Africa. The use of meridional temperature transport anomalies across the ABF 
does not improve the contribution of the advection of waters across the ABF in Northern 
Namibia. 
 
Figure 4.12: Correlation analysis between monthly meridional temperature transport  anomalies 
across the ABF (Netht17s) averaged in the upper 120 m and from the coast to 1° offshore , and 
monthly T10 anomalies along the African coast in Northern Namibia (averaged between 19°S 
and 24°S and over 1° coastal fringe), in function of the Lag (in months). Negative lags indicate 
that Netht17s leads. The 95% statistically significant correlation threshold is indicated by red 
lines. 
 
4.5 ILLUSTRATIONS OF SOME BENGUELA NIÑOS AND NIÑAS IN THE ATLANTIC 
OCEAN  
 
4.5.1 Benguela Niño events 
 
In this section, 8 different extreme warm coastal events that peak in February March or April 





inter-compared. For each of these 8 different extreme warm coastal events averaged in FMA, the 
corresponding detrended anomalies of IEKW mode 2 and detrended anomalies of meridional 
transport across the ABF are then averaged from January to March (JFM) and from December to 
February (DJF) respectively as shown in Tables 4.3 and 4.4 as they lead T10 anomalies (FMA) 
by 1 month (Figure 4.5) and 2 months (Figure 4.9). Note that the 1962/1963 Benguela Niño 
shown in Figure 4.13c and the 1974 Benguela Niño (Figure 4.13d) peak either in May or June 
in the three coastal zones of interest (cf. Table 4.1). Results are shown in Figure 4.13. New 
extreme warm events (1958/1959, 1960/1961, 1974) are displayed in Figure 4.13a, b and d.  
In late austral summer (February-March-April, FMA), during the 1958/1959 extreme 
event (Figure 4.13a), T10 anomalies are observed along the west African coast with T10 
anomalies larger than 1°C along Southern Angola and Northern Namibia. Maximum warming 
(T10 anomalies > 2°C) is found in NBUS up to ~25°S. In January 1959 peak month of the 
1958/1959 Benguela Niño in Southern Angola and ABF (cf. Table 4.1), maximum warming 
spreads from 11°S to ~22°S encompassing T10 anomalies exceeding 3°C (not shown). This pool 
of warm water progresses further south (~25°S) in March 1959 and decreases in intensity in 
Southern Angola (<1.5°C). In April 1959, the pool of warm waters is considerably reduced and 
T10 anomalies greater than 1°C is observed along the west coast of Africa with another 
maximum (>2°C) just north of Angola. The 1959 JFM (1 month before FMA 1959) average of 
detrended anomalies of IEKW mode 2 along the equatorial Atlantic is -0.13 cm. This 
corresponds to the propagation of an upwelling EKW mode 2 along the equatorial Atlantic in 
late austral summer 1959. But the downwelling EKW mode 2 observed in November 1958 
(Figure 4.2) is enough to trigger the 1958/1959 extreme coastal warm event. The averaged 
anomalies of meridional transport across the ABF during the 1958/1959 DJF (December 1958 to 
February 1959, 2 months before FMA 1959) is -0.32 Sv (cf. Table 4.3) which is higher than the 
DJF climatology average (-0.77 Sv). This means that a strong poleward transport takes place 
across the ABF 2 months before the peak of the warm event. This poleward flow strengthens in 
the southward direction (Figure 4.7) during late austral summer 1959 with meridional transport 
anomaly of ~-2 standard deviations in March 1959. The 1959 late austral summer poleward flow 
could be linked to poleward advection of T10 anomalies in the Northern Namibia region during 
the 1958/1959 Benguela Niño.  






Figure 4.13: Monthly detrended anomalies of T10 (°C) averaged in February-March-April 
(FMA) during the Benguela Niños (a) 1958/1959, (b) 1960/1961, (c) 1962/1963, (d) 1974, (e) 





west African coast with maximum T10 anomalies (> 1°C) extending from 16°S to ~23°S. The 
warming pattern coverage extends north along the African coast and westward toward the 
equator up to around 18°W. In January 1961, peak month of the 1960/1961 Benguela Niño in 
Southern Angola and ABF (cf. Table 4.1), strong T10 anomalies (>2°C) are present from 12°S 
up to 18°S (not shown). In January 1961, the coastal warming pattern is observed along the 
African coast up to 5°N and westward along the equatorial Atlantic up to ~32°W. In February 
1961, the T10 anomalies peak in Northern Namibia where the pool of warm water is now located 
(from 17°S to 22°S). In April 1961, T10 anomalies vanish north of the ABF along the west 
African coast and are present in Northern Namibia with less intensity (>0.5°C). The 1961 FMA 
average of T10 anomalies is less intense than the FMA 1959 (Figure 4.13a) even though these 
two extreme coastal events, peak in January in Southern Angola and ABF. An upwelling EKW 
second mode signal along the equatorial Atlantic is observed in JFM 1961 (cf. Table 4.3) since 
detrended anomalies of IEKW mode 2 is slightly negative (-0.04 cm). But over the whole period 
of the 1960/1961 extreme warm event (September – April) shown in Figure 4.4, positive 
intensity of IEKW mode 2 prevails which means downwelling EKW is observed. The averaged 
anomalies of meridional transport across the ABF during DJF 1960/1961 is -0.21 Sv (cf. Table 
4.3) corresponding to a poleward transport across the ABF. Figure 4.7 shows strong poleward 
flow across the ABF (<-1 standard deviation) between September and December 1960 which 
weakens but remains poleward until January 1961. The 1961 austral summer poleward flow 
could contribute to advect T10 anomalies poleward in the Northern Namibia region during the 
development of 1960/1961 Benguela Niño.  
Along the Angola-Benguela Current system, the OGCM solution shows that the 
1962/1963 Benguela Niño (Figure 4.13c) is the most extreme coastal events in terms of T10 
anomalies even though it peaks around May – June (cf. Table 4.1). This is confirmed with 
previous results in terms of T10 intensities observed in Figure 4.4. Anomalies of T10 (up to 
2°C) start to develop along the west African coast in December 1962 between 2°S and 20°S. In 
February 1963, anomalies of T10 up to 3°C, are observed confined along the western African 
coast and reach Northern Namibia. T10 anomalies extend northwestward along the equatorial 
Atlantic. Maximum of T10 anomalies (>3°C) is observed in May – June along the equatorial 
wave guide and the west African coast up to 25°S. This extreme coastal event is interrupted by a 





In late austral summer, the maximum warming (>2.5°C) along the west African coast from 
Southern Angola up to Northern Namibia is detected. The warming area spreads westward from 
the coast to couple of degrees offshore in the southeast Atlantic. There is a pattern of warming 
(>2°C) that extends northwestward from the west African coast toward the Brazilian coast along 
the equatorial Atlantic. Katz et al. [1977] observed that zonal wind stress near the equator west 
of 10°W was considerably low during the EQUALANT I cruise period in 1963 (February – 
April). This band of low zonal wind stress could be associated with the equatorial warming 
pattern associated with an Atlantic Niño or even a Benguela Niño (Figure 3.7). The averages 
during JFM 1963 of detrended anomalies of IEKW mode 2 along the equatorial Atlantic and the 
DJF meridional volume transport across the ABF are 0.94 cm and 0.11 Sv respectively (cf. Table 
4.3). The averaged value found for the IEKW mode 2 (0.94 cm) corresponds to a propagation of 
a downwelling equatorial Kelvin wave which is also observed in Figure 4.2 at the end of 1962 
and beginning 1963. The averaged anomalies of meridional transport during DJF 1962/1963 is 
0.11 Sv which is larger than the DJF climatology average (-0.77 Sv). This indicates a weaker 
poleward flow across the ABF. Likely, the alongshore flow does not reverse during the 
1962/1963 Benguela Niño (not shown). This means that the flow remains poleward and could 
advect warm Angolan waters in Northern Namibia during the 1962/1963 Benguela Niño.  
FMA 1974 event (Figure 4.13d) is different from the previous ones due to the absence of 
positive T10 anomalies along the west African coast.  Conversely, there is a presence of cold 
T10 anomalies from 15°S to ~22°S. The warming pattern encompassing T10 anomalies greater 
than 0.5°C extends from Northern Namibia northwestward up to the equatorial Atlantic and then 
westward toward the Brazilian coast where it is observed southward. The 1974 extreme coastal 
event is supposed to peak in May in Southern Angola and June in the ABF zone and Northern 
Namibia (cf. Table 4.1). The warming pattern observed in April 1974 (not shown) is similar to 
the one in FMA 1974, but with a presence of T10 anomalies greater than 1°C from 17°S to 0°N 
along the west African coast and south of the equator between 25°W and 8°W from 5°S to 0°N. 
The warming pattern intensify in May 1974 with T10 anomalies greater than 3°C extending from 
21°S to 0°N along the west African coast and centered in the equatorial Atlantic (not shown). 
The equatorial warming pattern observed in May 1974 resembles to the one of an intense 
Atlantic Niño as the anomalously warm pool is also located in the ATL3 box [20°W-0°E; 3°S-





Table 4.3 shows that in JFM 1974, downwelling EKW signal is observed with amplitude of 0.41 
cm, whereas across the ABF zone, a DJF average of meridional transport anomalies during 
1973/1974 of 0.20 Sv is estimated. This means that weak poleward flow is observed across the 
ABF in austral summer 1973/1974 and will be linked to warming in Northern Namibia 2 months 
later.  
In late austral summer 1984 (Figure 4.13e), a maximum of T10 anomalies (~ 2.5°C) is 
observed between 15°S and 18°S.  The warming area extends equatorward up to ~ 5°S and 
westward from the African coast up to ~18°W. Another warming pattern is observed from the 
Brazilian coast to 5°W between 10°S - 25°S. During the 1984 Benguela Niño, T10 anomalies up 
to ~ 2.5°C develop along the African coast from 10°S to 20°S. This extreme event reaches its 
maximum in March 1984 with T10 anomalies larger than 3°C along the Southern Angola and 
Northern Namibia (not shown) coastlines. A warming pattern greater than 0.5°C is also observed 
from the African coast toward the west along the equatorial Atlantic. In April 1984, the event 
started to decay and T10 anomalies greater than 1°C moved equatorward north of 10°S along the 
African coast. Similar interpretations were described by Rouault et al. [2003] for the 1984 event 
using OI-SST dataset from 1982 to 2001. Also, using a FOCAL buoy track, Reverdin and 
McPhaden [1986] showed that there was a near zero westward current flow (South Equatorial 
Current) in the Gulf of Guinea where positive anomalies of SST were ~2°C during the second 
and third quarters of 1984. Across the ABF, the averaged transport anomalies during DJF 
1983/1984 is 0.1 Sv meaning that a weaker than normal poleward flow prevails in austral 
summer, which is similar to the one of DJF 1962/1963. Along the equatorial wave guide, the 
1984 JFM average of anomalies of IEKW mode 2 reveals that downwelling Kelvin wave with 
amplitude of 1.10 cm propagates. This downwelling IEKW mode 2 seems to be the strongest one 
compared to the others JFM averages in Table 4.3 and one of the strongest in general after the 
one observed in 1963 over the period 1958 – 2015 (Figure 4.2). 
 Over the late austral summer season 1995 (Figure 4.13f), T10 anomalies form an intense 
warming area (>2°C) between 13°S and 23°S which is quite similar to the 1963 coastal event 
(Figure 4.13c) in the same delimited area. The warming area (>0.5°C) extends offshore in the 
southeast Atlantic between the African coast and 38°W from 15°S to 25°S. This warming pattern 
is not observed in the other cases. The warming area (>0.5°C) extends also northward along the 





Benguela Niño, positive anomalies of T10 (>1°C) start to develop along the west African coast 
(2°S - 18°S) and become stronger in February 1995 (>2°C) between 12°S and 18°S (not shown). 
The peak of the 1995 event is found in March 1995 with a broad band of intense T10 anomalies 
greater than 3°C between 12°S and 23°S (not shown). The T10 anomalies persisted in April 
1995, but are located between 15°S and 23°S. The T10 anomalies decrease in May 1995 and are 
found between 20°S and 23°S. North of 20°S, the positive T10 anomalies has already 
disappeared. These results are consistent with the results of Rouault et al. [2003] who also 
observed that during the 1995 event, unfavourable upwelling wind were present and could have 
intensified the 1995 event. During the 1994/1995 DJF season, there is a negative transport 
anomaly across the ABF of -0.24 Sv (cf. Table 4.3), meaning that stronger than normal poleward 
transport occurs across the ABF during austral summer 1994/1995. This strong poleward 
transport could have advected anomalous warm waters in Northern Namibia and contributed to 
the development of the 1995 Benguela Niño. The 1995 extreme coastal warm event is associated 
with the propagation of a downwelling IEKW mode 2 along the equator during the 1995 JFM 
season. Amplitude of the detrended anomalies of IEKW mode 2 is 0.62 cm.  
Over the late austral summer 2001 (Figure 4.13g), positive T10 anomalies are observed 
along the west African coast from the equator continuously up to 25°S. The maximum T10 
anomalies (>1.5°C) are found between the 12°S and 18°S. Rouault et al. [2007] observed the 
presence of strong southerly wind and high values of latent heat flux anomalies in FMA 2001 
which participated to cool down the 2001 event and favoured upwelling in Northern Namibia. In 
2001, positive anomalies of T10 greater than 1°C, are observed in January 2001 along the 
Angolan coast. These positive anomalies propagate southward up to the ABF zone in February 
2001 and intensify in April 2001 with anomalies greater than 1.5°C observed between Southern 
Angola and Northern Namibia from the African coast to ~2° offshore (not shown). During May – 
June 2001, the positive T10 anomalies are observed along the entire coasts of Angola – Namibia 
covering a broad area but with less intensities than the previous months. The 2001 extreme warm 
event stops in July 2001 with the appearance of cool anomalies of T10 along west African coast. 
Our results are consistent with the results of Rouault et al. [2003]. Along the equatorial Atlantic, 
over the 2001 JFM season, a downwelling IEKW mode 2 propagated with amplitude of 0.11 cm 
(cf. Table 4.3). A strong than normal poleward transport is observed across the ABF during DJF 





Namibia. Average value of transport anomalies is -0.43 Sv (cf. Table 4.3) which is the strongest 
poleward flow compared to the others DJF averages in Table 4.3. 
 Lastly, Figure 4.13h shows that during FMA 2011, positive T10 anomalies greater than 
1°C are found in a broad area extending from the coast to couple of degrees offshore between 
~25°S and 12°S. The maximum of T10 anomalies (>2°C) is observed between 22°S to 15°S 
along the west African coast. The warming area spreads northwestward but does not reach the 
African coast. Positive anomalies of T10 (>1°C) appear along the west African coast north of 
18°S in October 2010 and reach the maximum in December in Southern Angola (>2.5°C). This 
maximum T10 anomalies propagated southward into the Northern Benguela upwelling in 
February 2011. Rouault et al. [2017] found that the 2010/2011 Benguela Niño started along off 
Angola in November 2010 and peaked in January (Figure 1.3). The T10 anomalies persist up to 
April 2011 where it is interrupted by a cold event in May 2011 consistently with the results of  
 




Climatology N/A -0.77 
1958/1959 -0.13 -0.32 
1960/1961 -0.04 -0.21 
1962/1963 0.94 0.11 
1973/1974 0.41 0.20 
1983/1984 1.10 0.10 
1994/1995 0.62 -0.24 
2000/2001 0.11 -0.43 
2010/2011 -0.15 -0.24 
 
Table 4.3: Detrended anomalies of IEKW mode 2 (IEKW2, in cm) along the equatorial Atlantic 
averaged between 20°W – 0°E at 0°N from January to March (JFM) and detrended anomalies of 
meridional volume transport (Netmt17S, in Sv) across the ABF averaged within 1° coastal band 
from December to February (DJF) during the extreme warm events 1958/1959, 1960/1961, 
1962/1963, 1974, 1984, 1995, 2001 and 2010/2011 represented in bold. Climatology of IEKW 





Rouault et al. [2017]. In JFM 2011, upwelling EKW signal prevails along the equatorial Atlantic 
with an amplitude of -0.15 cm similar to the one in JFM 1959 (cf. Table 4.3). However, Figure 
4.2 shows that a downwelling EKW mode 2 with an amplitude of ~1.5 cm propagates along the 
equatorial Atlantic in September 2010 and is linked to the 2010/2011 extreme event. Rouault et 
al. [2017] reported that the weakening of easterly winds in the western equatorial Atlantic in 
October 2010 triggered a downwelling EKW at the origin of the 2010/2011 Benguela Niño. As 
in DJF 1994/1995, a quite strong than normal poleward transport (-0.24 Sv) prevails across the 
ABF during DJF 2010/2011 (cf. Table 4.3). This is consistent with the findings of Rouault et al. 
[2017] who reported that a strong poleward flow developed across the ABF and advected warm 
tropical water into Northern Namibia.  
4.5.2 Benguela Niña events 
 
Figure 4.14 is similar to Figure 4.13 but for 7 extreme cold coastal events in FMA 1978, 1980, 
1981, 1985, 1992, 1997 and 2010. The first four figures are the newly identified extreme cold 
events (Figures 4.13a-d). Similar methodology as in section 4.5.1 is used to comment detrended 
anomalies of IEKW mode 2 and meridional transport during each coastal cold event.  
During the late austral summer 1978 (Figure 4.14a), cold T10 anomalies (<-0.5°) are 
found along the west African coast north of 20°S up to 5°S where they extend westward up to 
18°W. In Southern BUS (from 25°S to 30°S), there is a warming pattern meaning that the 
upwelling favourable wind was weaker than normal. The cooling pattern associated with the 
1978 extreme cold event does not reach the Northern Namibia domain. It is confirmed in Table 
4.1 the 1978 extreme cold event is not recorded in the Northern Namibia domain and has a 
duration of 0 month. The 1978 extreme cold event peaks in April 1978 in Southern Angola and 
ABF (Table 4.1) and the cooling pattern is the same as FMA 1978 but with more intensity (cold 
T10 anomalies <-1°C). Strong upwelling IEKW prevails during JFM 1978 with amplitude of -
0.89 cm along the equatorial Atlantic also observed in Figure 4.2 which could have triggered the 
1978 extreme cold event along the Angola – Benguela Current system. Across the ABF, average 
transport anomalies during DJF 1977/1978 is around 0 Sv (Table 4.4). This is due to the 
variations in the meridional transport anomalies (Figure 4.7) which shows negative anomalies of 
transport in December 1977 which is compensated by positive anomalies of meridional transport 






Figure 4.14: Monthly detrended anomalies of T10 (°C) averaged in February-March-April 
(FMA) during the Benguela Niñas (a) 1978, (b) 1980, (c) 1981, (d) 1985, (e) 1991/1992, (f) 
1996/1997 and (g) 2010. 





previously, the 1978 extreme cold event does not reach the Northern Namibia (cf. Table 4.1). 
In late austral summer 1980 (Figure 4.14b), cooling pattern (T10 anomalies <-0.5) is 
confined to the coast north of 20°S. As in FMA 1978, the cooling pattern shown in FMA 1980 
does not reach Northern Namibia where a warming pattern takes place in the upwelling probably 
due to the weakening of upwelling favourable wind. In January 1980 (peak month of the 1978 
extreme cold event in Northern Namibia), cold T10 anomalies are observed up to ~25°S. South 
of 25°S, positive T10 anomalies are present in the upwelling zone. An upwelling EKW signal in 
JFM 1980 with an amplitude of -0.54 cm (cf. Table 4.4) is associated with the 1980 extreme 
coastal  
cold event. Across the ABF in DJF 1979/1980, the average meridional transport anomalies is 
0.34 Sv leading to weaker than normal poleward flow as it does not reverse. This poleward 
meridional transport seems to be the weakest one compared to the others DJF averages in Table 
4.4. 
Cooling coverage observed in FMA 1981 (Figure 4.14c) is broader than the 2 previous 
extreme cold events and extends northwestward toward the Brazilian coast. Cold T10 anomalies 
(<-1°C) are present in Southern Angola. In February 1981, strong negative anomalies of T10 (<-
1°C) are observed along the Northern Namibia coast (not shown). This pool of cold T10 
anomalies progress northward along the Southern Angolan coast in March 1981 and extends to 
Northern Angola in April 1981 (not shown). An upwelling EKW mode 2 dominates in JFM 1981 
with an amplitude of -0.36 cm along the equatorial Atlantic and is associated with an average 
meridional transport of -0.03 Sv across the ABF in DJF 1980/1981 (Table 4.4). The average 
meridional transport anomalies in DJF 1980/1981 is explained by the variations in the meridional 
transport anomalies show in Figure 4.7 as in DJF 1977/1978.  
Over the FMA 1985 (Figure 4.14d), cold T10 anomalies (~ -1°C) are observed between 
Southern Angola and Northern Namibia. South of 25°S, small warming area is observed along 
the coast. Cold T10 anomalies start to appear in March 1985 mostly in a broad area south of 
10°S with a minimum (<-1.5°C) observed along the Northern Namibia coast. These cold 
anomalies propagate northward in April 1985 where they are visible from 4°S towards Northern 
Namibia (not shown). During the same month, the area of cold T10 anomalies shifts northward 
and is now located along Southern Angola. In May 1985, cold T10 anomalies persist in the 





anomalies along the west African coast (not shown). Across the ABF, there is a strong poleward 
flow (-0.21 Sv) prevailing in DJF 1984/1985 as the climatological average is -0.77 Sv. This 
strong poleward flow is not associated with advection of cold waters in Northern Namibia during 
the 1985 extreme cold event. Along the equatorial Atlantic, upwelling IEKW mode 2 propagate 
in JFM 1985 with an averaged amplitude of -0.01 cm which is quite weak.  
Over the late austral summer 1992 (Figure 4.14e), minimum T10 anomalies (< -1°C) is 
confined to the west African coast between 6°S and 22°S. There is a cooling area from 5°S 
confined to the coast up to 11°S and extending from the African coast to around 30°W between 
11°S and 20°S. This cooling pattern is similar to the one of March 1992 (not shown). Cold 
anomalies of T10 (~ -1°C) are observed north of 15°S covering a broad area in October 1991 
(not shown). In December 1991, the cooling area is reduced and colder than normal T10 
anomalies (< -1.5°C) are visible along the coast from 2°S to 15°S. In January 1992, the cold T10  
 




Climatology N/A -0.77 
1977/1978 -0.89 -0.004 
1979/1980 -0.54 0.34 
1980/1981 -0.36 -0.03 
1984/1985 -0.01 -0.21 
1991/1992 -0.10 0.12 
1996/1997 -1.24 0.20 
2009/2010 -0.99 -0.38 
 
Table 4.4: Detrended anomalies of IEKW mode 2 (IEKW2, in cm) along the equatorial Atlantic 
averaged between 20°W – 0°E at 0°N from January to March (JFM) and detrended anomalies of 
meridional volume transport (Netmt17S, in Sv) across the ABF averaged within 1° coastal band 
from December to February (DJF) during the extreme cold events 1978, 1979/1980, 1980/1981, 
1985, 1991/1992, 1996/1997 and 2010 represented in bold. Climatology of IEKW mode 2 is not 
available from OLM outputs. 





observed from the coast westward up to 35°W along the equatorial Atlantic. In February 1992, 
the cold T10 anomalies propagate poleward along the west African coast and are now visible 
around 23°S before peaking in March 1992 with T10 anomalies observed around -2.5°C between 
Southern Angola and Northern Namibia. The cooling pattern extending from the coast to 30°W. 
Cold T10 anomalies persist along the west African coast until August 1992 and are stopped with 
the arrival of positive anomalies of T10 (not shown). In JFM 1992, an upwelling IEKW mode 2 
propagates with an amplitude of -0.10 cm (Table 4.4). This upwelling IEKW mode 2 propagates 
the cold T10 anomalies along the west African coast. Meridional transport anomalies across the 
ABF during DJF 1991/1992 is 0.12 Sv leading to weaker than normal poleward transport in late 
austral summer 1992. As observed in Figure 4.7 and Figure 4.8, over the 1991/1992 extreme 
cold event is related to poleward flow (negative intensity of meridional transport) across the 
ABF. This suggests that poleward transport develops across the ABF which cannot be linked to 
the advection of cold waters in Northern Namibia. 
Over the FMA 1997 (Figure 4.14f), there is a presence of an intense cold pool of water 
covering almost the entire southern Atlantic with cold T10 anomalies less than -3°C confined 
along the African coast from 5°S to 22°S. Note that the 1996/1997 cold event is the coolest event 
observed over the period 1958 – 2015 (Figure 4.4). The 1996/1997 extreme cold event reaches 
its mature phase in April 1997 in the 3 coastal zones of interest (Table 4.1). This is consistent 
with the study of Florenchie et al. [2004]. This could also explain the similarities found in the 
cooling patterns in April 1997 (not shown) and FMA 1997. Quite strong upwelling IEKW mode 
2 since propagates eastward in JFM 1997 along the equatorial Atlantic with an amplitude of -
1.24 cm (Table 4.4). This upwelling IEKW mode 2 would have risen up the thermocline, then 
cools down the upper ocean and decreases the sea level. Along the Angolan coast, this decrease 
of sea level would lead to a decrease of the poleward geostrophic flow and could explain the low 
value of meridional transport anomalies that reach the ABF (0.20 Sv) shown in Table 4.4 during 
DJF 1996/1997. The average meridional transport anomalies observed in DJF 1996/1997 
represents the weakest poleward flow during extreme cold events in Table 4.4. 
Over FMA 2010 (Figure 4.14g), the presence of cold T10 anomalies is observed along 
the equatorial Atlantic from 15°W toward the African coast and then from 0°N up to around 
12°S but in a thin area confined to the coast from 7°S to 12°S along the African coast. Between 





pattern is observed between 13°S and 21°S with a minimum of -3°C located at the ABF at the 
zone and the rest of the southern Atlantic showed warming pattern which makes the FMA 2010 
cold event is a bit different from the previous cold events. As shown in Table 4.1, the cold T10 
anomalies do no reach Northern Namibia in 2010 (no peak and 0 month for duration of the event 
are recorded in Northern Namibia). In April 2010, there is a clear connection between the 
equatorial Atlantic and the west African coast (between 10°S and 0°N) up to 15°W visible where 
a large coastal cold pool of water with T10 anomalies less than -1°C is observed. During the 
same month, cold T10 anomalies are observed confined to the west African coast south of 10°S 
up to 23°S but with less intensity compared to the upstream cooling. Cold T10 anomalies persist 
until June 2010 and the demise of the event is observed with the arrival of a positive T10 event. 
During JFM 2010, strong upwelling IEKW mode 2 (-0.99 cm) signal prevails along the equator. 
Across the ABF, meridional transport anomalies are -0.38 Sv indicating a strong poleward flow 
during DJF 2009/2010 which is not associated with the advection of cold waters in Northern 
Namibia.  
 
4.6 SUMMARY  
 
In this chapter, an OGCM has been used to identify and classify the anomalous coastal warm and 
cold events along the southwest African coast using detrended normalized anomalies of 
temperature at 10 m over the period 1958 to 2015. 55 anomalous coastal events are identified in 
total, split up into 26 extreme events (16 warm, 10 cold) and 29 moderate events (13 warm and 
16 cold) interannual events over the period 1958 to 2015. Strong correlation (0.65 statistically 
significant at 95%) between PIRATA dynamic height anomalies and OLM SSHA (cf. Chapter 
3) leads me to use the OLM in the investigation of IEKW propagations and connection between 
equatorial region and the Angola Benguela Current system over 1958 to 2015. Results suggest 
the equatorial origin of most of these coastal anomalous events in agreement with results of 
Chapter 3.  
Monthly distributions of peak of warming or cooling for of each coastal event occurring 
in each coastal zone reveal that the anomalous coastal events tend to peak during austral spring 
and late summer between October and April. Across the ABF poleward net transport dominates 





and a strong one in October. Most of the anomalous coastal events in Northern Namibia are 
mostly remotely forced via IEKW mode 2 propagations, but meridional transport anomalies 
across the ABF contribute to the development of these anomalous coastal warm events. Positive 
(weaker poleward flow than seasonal average or equatorward flow) or negative (stronger 
poleward transport than seasonal average) anomalies of meridional transport across the ABF are 
associated with negative or positive anomalies of T10 in Northern Namibia respectively. Lags of 
1 to 6 months observed when net mass transport anomalies lead T10 anomalies in the Northern 
Namibia zone will be discussed later. The estimation of the net temperature transport across the 
ABF does not improve our results and correlations compared to the net mass transport across the 
ABF.  
7 out of 8 newly extreme coastal events (3 warm: 1958/1959, 1960/1961, 1974 and 4 
cold: 1978, 1979/1980, 1980/1981 and 1985) have been described during the FMA season along 
with 8 known extreme coastal events (5 Benguela Niños 1962/1963, 1984, 1995, 2001, 
2010/2011 and 3 Benguela Niñas 1991/1992, 1996/1997, 2010). All the extreme warm or cold 
events are linked to downwelling or upwelling propagations of IEKW along the equatorial wave 
guide during JFM (1 month before FMA) except the extreme warm events 1958/1959, 
1960/1961 and 2010/2011. However, the 1995 extreme coastal warm event is associated with the 
propagation of a downwelling IEKW mode 2 along the equator during the late austral summer 
season. This is not consistent with the study of Richter et al. [2010] which stated that no EKW 
propagated during the 1995 Benguela Niño. During DJF season (2 months before FMA), 
meridional transport anomalies across the ABF are not always consistent with the anomalies of 
T10 along the western coast of Africa. This was the cases for the Benguela Niña 1985 and 2010 
where strong poleward flow is observed across the ABF instead of equatorward flow or weak 
poleward flow and Benguela Niños 1974 and 1962/1963 where equatorward flow or weak 
poleward flow prevails over DJF instead of strong poleward flow. This discrepancy between 
variations in the anomalies of T10 and meridional transport at 17°S could be at the origin of the 
low correlation (-0.2) reported in Section 4.3 between the meridional transport anomalies across 
the ABF and the T10 anomalies in Northern Namibia. During the DJF season, the strongest 
poleward flow across the ABF for the extreme warm events occurs during DJF 2000/2001 
(Table 4.3) for the extreme warm event 2001 and the strongest amplitude of downwelling EKW 





cold events occurs during DJF 1979/1980 and the strongest amplitude of upwelling EKW occurs 
in JFM 1997. Some extreme coastal events are not linked to equatorial propagations for example 
coastal cold event in 2002 (Figure 3.5) or warm event 1976/1977 (Figures 4.2 and 4.4). This 
means that other processes could have played a role on the onset or development of these coastal 
events, such as the role of the local forcing and the efficiency of the vertical stratification in the 
coastal fringe. In this context, the next chapter will focus on the computation of composite maps 
of wind stress and T10 anomalies in order to investigate the contribution of the large-scale wind 
stress. Also, analyses will be performed to investigate the role of the local forcing (alongshore 
wind-stress) during the onset of the anomalous warm and cold events at interannual timescales, 




























5 LARGE-SCALE WIND STRESS PATTERN OVER THE TROPICAL 
ATLANTIC, ROLE OF LOCAL WIND STRESS AND VERTICAL 
OCEAN STRATIFICATION DURING THE ONSET AND 




The recent studies conducted by Bachèlery et al. [2016a] and Imbol Koungue et al. [2017] 
suggested that most of the important coastal warm and cold events along the Angola Benguela 
Current system are remotely forced via IEKW propagations which agrees with main findings of 
chapter 4 for the 1958-2015 period. But they suggested that the role played by local variability 
(for instance wind stress, vertical stratification) is not negligible. Past study by Richter et al. 
[2010] suggested that Benguela Niños are locally forced via variations of alongshore coastal 
wind stress along the southwest coast of Africa. They also suggested that these coastal 
alongshore wind anomalies are part of a basin-scale weakening of the South Atlantic high 
variability that starts 3 months before SST anomalies peak along the coast of western Africa. 
Moreover, the role of the local stratification has been described as an efficiency coefficient 
which modulates the signature of the CTW on the temperature within the surface layer 
[Goubanova et al., 2013; Bachèlery et al., 2016a; Imbol Koungue et al., 2017].  
In this chapter, OGCM outputs and its wind-stress forcing are used between 1958 and 2015 to 
investigate the role of the atmospheric forcing and the characteristics of water column in the 
coastal fringe on the development and intensity of the Benguela Niño and Benguela Niña events. 
During the onset and the development of interannual coastal events, a lagged composite analysis 
will be performed to examine the contribution of the large-scale and local wind pattern. Cross 
and lagged correlation analysis will be calculated to explore the relationship between the coastal 





anomalies in the southeastern Atlantic Ocean. Finally, vertical stratification of the water column 
within the coastal fringe will be estimated and discussed in the light of the modulation of the 
interannual coastal trapped wave signature on the SST.  
 
5.2 ROLE PLAYED BY THE LARGE-SCALE WIND PATTERN DURING THE EXTREME 
OR MODERATE WARM OR COLD EVENTS 
 
According to Lübbecke et al. [2010], the strength of the SAA given by the index in sea level 
pressure averaged between [30°W – 10°W; 40°S – 20°S], is linked to the development of the 
interannual southeastern Atlantic warm events. They reported lag of 1 month when the strength 
of the SAA leads SSTA in the ABA box in March. They also suggested that warming in the 
ABA box associated with Benguela Niño events, is also linked to the strength of the local wind 
stress which is also linked to the SAA position and intensity, also proposed by [Richter et al. 
2010]. To better highlight the link between the large-scale wind and the interannual warming or 
cooling in the southeastern Atlantic Ocean, a lagged composite analysis of T10 detrended 
anomalies and wind stress over the tropical Atlantic domain (50°W - 20°E; 30°S - 20°N) at 
different lags for T10 anomalies and wind stress anomalies is performed. Only results for 
extreme coastal warm or cold events are presented. Here, a composite analysis by selecting all 
the extreme warm and cold coastal events summarized in Table 4.1 which peak in March or 
April for at least 2 coastal zones of interest (cf. Figure 2.2) is performed. The result provides a 
composite map of detrended anomalies of T10 averaged during March – April season (late 
austral summer). Lagged composite maps are also presented in Figure 5.1 and 5.2, with a lag 
interval ranging from 3 months before the peak of the event to 2 months after the peak for both 
T10 and wind stress anomalies. 5 extreme warm coastal events (1976/1977; 1984; 1995; 1999 
and 2001) and 5 extreme cold coastal events (1978; 1981/1982; 1985; 1991/1992 and 
1996/1997) are then selected. Lagged composite maps of wind stress and T10 anomalies shown 
in Figure 5.1 are performed by averaging for the 5 selected extreme warm events that peak in 
March – April, the wind stress and T10 anomalies 3 months before the peak (December – 
January), 2 months before the peak (January – February), 1 month before the peak (February – 





after the peak (May – June). Afterward, a bootstrap resampling technique on the T10 anomalies 
(cf. section 2.2.5) is applied to highlight only the statistically significant values at 90% on the 
composite maps. The results are presented in Figure 5.1 and 5.2.  
 
Figure 5.1: Composite maps of detrended anomalies of T10 (in colour, in °C) computed from 5 
selected extreme warm coastal events and corresponding wind stress anomalies (arrows, N.m-2) 
averaged in: a) December – January (3 months before peak); b) January – February (2 months 
before the peak); c) February – March (1 month before the peak); d) in March – April (peak); e) 
April – May (1 month after the peak); and May – June (2 months after the peak). The shaded 
areas (detrended anomalies of T10) represent the 90% statistically significant areas (using p-
value statistical test from Best and Roberts [1975]). 
 
3 months before the peak (Figure 5.1a), easterly wind stress anomalies are present in the 






Two months before the peak (Figure 5.1b), there is a warming pattern observed along the 
southwest coast of Africa up to 18°S showing T10 anomalies greater than 0.5°C. Cooling pattern 
is observed in the northern tropical Atlantic with a minimum temperature at 10 m (<-0.5°C) 
observed along the Mauritania - Senegalese coastlines. Wind stress anomalies coverage can be 
well observed and spreads westward up to around 22°W along the equator and 10°S and 
comprises westerly anomalies along the equator, northwesterly anomalies and northerly 
anomalies which start to be noticeable close to the western African coast. This large coverage 
composed of weak wind stress anomalies forms the basin-scale weakening of SAA. Therefore, 
wind stress anomalies pattern observed in January – February (2 months before the peak) appear 
to be linked to the warming along the Angola – Benguela Current system [Lübbecke et al., 2010; 
Richter et al., 2010] although these wind stress anomalies do not reach the western equatorial 
Atlantic a zone already shown to be important to force Kelvin waves (cf. Chapter3).  
Figure 5.1c shows the anomalies of T10 and wind stress one month before the peak. 
Classical Benguela Niño signature is quite well observed from 5°S to 22°S with maximum 
(>2°C) between Southern Angola and the ABF zone (~17°S). The coastal warming extends from 
the west African coast to couple of degrees offshore. Cooling pattern persists in the North 
tropical Atlantic especially along the Senegalese – Mauritania coastline. The basin–scale 
weakening pattern of wind stress is well developed. As part of this large-scale weakening of 
wind stress, westerly wind stress anomalies are well observed in the western equatorial Atlantic 
which are the key forcing for downwelling IEKW that will be linked to a Benguela Niño one 
month later (cf. Chapter 3) corresponding to the peak of the event. At the same time, 
northwesterly wind stress anomalies south of the equator and northerly wind stress anomalies 
north of 20°S are well developed over the significant warming area. Strong northerly wind stress 
anomalies are also well developed over the Southern Angola domain where the maximum T10 
anomalies occurs. Northwesterly wind stress anomalies (weakened southeasterly trade winds) 
observed south of the equator up to ~10°S East of 20°W over the warming area might be 
indicative of an ocean–atmosphere coupling, through Wind-Evaporation-SST feedback 
[Lübbecke et al., 2010], that would decrease the southerly wind stress along the Angolan coast. 
The SAA wind circulation weakens and shifts equatorward as an intensification of the cyclonic 






The composite of the March – April extreme warm coastal events (Figure 5.1d), shows 
that the signature of Benguela Niño is noticeable with a maximum ~3°C between 15°S - 18°S 
along the Angola – Namibia coastlines. An interesting feature is that around 10°S to 18°S, the 
significant warming area spreads westward in a range of 10 to 12° offshore. The T10 anomalies 
extend further South continuously up to ~25°S, corresponding to the approximate maximum 
latitude where the signature of Benguela Niños and the interannual coastal trapped waves can be 
tracked [Bachèlery et al., 2016a]. In the southward direction, the significant warming area is 
confined to the coast. The significant warming area greater than 0.5°C extends northwestward 
into the eastern equatorial Atlantic region up to 15°W where the Atlantic cold tongue appears 
every year in Austral winter and where Atlantic Niño events develop in austral winter also 
[Lübbecke et al., 2010]. This could be explained by the tendency of the Atlantic Niño to follow 
the Benguela Niño [Richter et al., 2010; Lübbecke et al., 2010] or they are the same phenomenon 
as proposed by Lübbecke et al. [2010]. Indeed, according to Lübbecke et al. [2010], there is a 
season lag between Benguela Niño and Atlantic Niño. The equatorial domain and the 
southeastern Atlantic domain share a considerable portion of variability [Richter et al., 2010]. 
The wind stress anomalies circulation during the peak (mature phase of the selected Benguela 
Niños) reveals that northerlies wind anomalies cover the whole warming area over the Southern 
Angola domain. The observed northerly anomalies persist over the warming along the Angolan 
coast. A convergence of weakened wind stress anomalies is observed over the significant 
warming area ~10°S which is also observed in Figure 5.1c. This could be explained by the 
coupling mechanism proposed by Hu and Huang [2007]. According to Hu and Huang [2007], 
coastal warming observed in austral fall in the southern tropic and equatorial Atlantic, is 
responsible of wind convergence over the basin causing westerly wind stress anomalies. South of 
10°S, a divergence of wind stress anomalies is observed forming an anticyclonic wind stress 
anomalies circulation west of 25°W and a cyclonic wind stress anomalies circulation east of 
25°W. The basin-scale weakening of wind stress persists.  
One month after the peak (Figure 5.1e), along the west African coast, similar warming 
pattern is observed as in Figure 5.1d but with less intensity close to the Southern Angola and 
Northern Namibia coastlines. This suggests that the extreme coastal event is decaying. Westerly 
wind stress anomalies are still observed in the western part of the equatorial Atlantic.  





Figure 5.1e decreases along Southern Angola and Northern Namibia, but the warming spreads 
northwestward along the equatorial Atlantic. This suggests that Atlantic Niño is taking place 
over the eastern equatorial Atlantic. Also, the presence of the westerly wind stress anomalies in 
the western equatorial Atlantic in May – June (2 months after the peak) could justify the onset of 
Atlantic Niño in the Eastern equatorial Atlantic.  
Figure 5.2 presents the same analysis as Figure 5.1, but for the 5 extreme cold events 
abovementioned (1978; 1981/1982; 1985; 1991/1992 and 1996/1997). All these Benguela Niñas 
peak in March – April similar to the Benguela Niños composite detailed above. Compared to the  
 
Figure 5.2: Composite maps of detrended anomalies of T10 (in colour, in °C) computed from 5 
selected extreme cold coastal events and corresponding wind stress anomalies (arrows, N.m-2) 
averaged in: a) December – January (3 months before peak); b) January – February (2 months 
before the peak); c) February – March (1 month before the peak); d) in March – April (peak); e) 
April – May (1 month after the peak); and May – June (2 months after the peak). The shaded 
areas (detrended anomalies of T10) represent the 90% statistically significant areas (using p-






extreme warm event composite maps (Figure 5.1), the 90% statistically significant cooling area 
is much broader and covers the south Atlantic Ocean for some cases (Figures 5.2b to 5.2f). 
Cooling is more present along the northwestern coast of Africa, in the Gulf of Guinea and in the 
Atlantic cold tongue area. The composite maps do not portray the meridional dipole pattern of 
T10 anomalies depicted in Figure 5.1 as no warming pattern is present in the north tropical 
Atlantic. 3 months before the peak of the selected Benguela Niñas (Figure 5.2a), cooling pattern 
appears east of 20°W south of the equator with minimum of T10 anomalies (<-0.5°C) observed 
between 20°S and 0°S. A second pattern of cold T10 anomalies (~-1°C to -0.5°C) is observed 
south of 20°S between 10°W and 10°E. No anomalous wind stress anomalies are observed in the 
western equatorial Atlantic and along the west African coast.  
2 months before the peak (Figure 5.2b), the cooling coverage starts spreading along the 
equator and in the southeast Atlantic Ocean. At the same time, there is a warming pattern off 
Senegal – Mauritania coastlines. Along the west African coast, weak southerly anomalies 
develop. Strong southeasterly anomalies are present south of the equator between 25°S and 5°S 
and from 20°W to 10°E. These strong southeasterly anomalies associated with a larger cooling 
pattern compared to Figure 5.2a.  
Figure 5.2c reveals cold T10 anomalies along the equatorial Atlantic almost connected 
with the cooling in the Southern Ocean. Cold T10 anomalies are also observed along the 
northwest coast of Africa. Minimum T10 anomalies are now observed between the Southern 
Angola and Northern Namibia and is now connected with the offshore cooling. In the western 
equatorial Atlantic, easterly wind stress anomalies are well observed 1 month before the peak of 
the event and constitute the perfect timing for the forcing of an upwelling IEKW that will be 
linked to a Benguela Niña event 1 month later (cf. Chapter 3) and observed in Figure 5.2d. 
There is an evidence of basin-scale strengthening of wind stress over the tropical Atlantic. 
Easterly wind stress anomalies observed in the western equatorial Atlantic are quite well 
connected with the southeasterly wind stress anomalies blowing over the cold T10 anomalies and 
forming the northeastern part of the anticyclonic circulation present south of 20°S in the southern 
tropic that could be attributed to the SAA circulation. The SAA circulation seems to have 
intensified compared to Figure 5.2b. Along the African coast, southerly wind stress anomalies 
are present over the cooling area and south of it. Similar to the Benguela Niño composite 





of the southeasterly winds north of 15°S. 
During the peak (March – April), the Benguela Niña is at its mature phase (Figure 5.2d). 
Minimum T10 anomalies (<-1°C) are present between 22°S and 3°S along the west African 
coast. Intensified cooling is observed along the northwestern coast of Africa. Cold T10 
anomalies ranging between -1°C and -0.5°C south of 10°S form with the coastal cooling area a 
broad pool of cold water in the south Atlantic. Similarly, to Figure 5.1, the tendency of Atlantic 
cold tongue events to follow Benguela Niña events could be argued here when the later occurs. 
The atmospheric circulation reveals a strong large-scale atmospheric circulation. This large-scale 
atmospheric circulation is formed by southerly wind stress anomalies over the cooling area along 
Angolan coast up to the ABF zone (~17°S), strong southeasterly anomalies offshore up to 30°W 
which gain a strong zonal component and become easterly wind anomalies toward the Brazilian 
coast and easterly wind stress anomalies in the western part of the equatorial Atlantic.  
In Figure 5.2e, cold T10 anomalies persist but their coverage starts to diminish south of 
20°S. Coastal cooling persists along the southwest African coast. Surprisingly, a broader cold 
pool of water is observed along the Angola and Northern Namibia with values of T10 anomalies 
quite similar to the ones observed in Figure 5.2d. Similar intensity observed between the coastal 
cooling during the peak and 1 month after it, reveals that the demise of the Benguela Niña takes 
longer compared to the demise Benguela Niño events. This is in agreement with the fact that the 
signature in the surface layer (SST) of Benguela Niña events last longer than Benguela Niño 
events as suggested by Florenchie et al. [2004]. In terms of wind stress anomalies, basin-scale 
strengthening of wind stress persists over the south Atlantic. South of the equator, an 
anticyclonic wind stress circulation is well represented and seems to have shifted northward prior 
to the development of the Atlantic cold tongue along the equatorial Atlantic in austral winter. 
Easterly wind stress anomalies coverage is reduced over the equatorial Atlantic and is present 
west of 20°W. This could be linked to the forcing of the Atlantic cold tongue which appears in 
austral winter in the eastern part of the equatorial Atlantic concomitantly with the northward shift 
of the SAA. Cross-equatorial southerly wind anomalies are present in the Gulf of Guinea east of 
10°W and will lead to more cooling along the equatorial Atlantic through upwelling, entrainment 
and evaporation processes [Okumura et Xie., 2004]. Convergence of southeasterly wind stress 
anomalies coming from the south Atlantic and northeasterly wind stress anomalies coming from 





system, southerly wind-stress anomalies are still observed along the Angolan coast (Figure 5.2d 
and 5.2e).   
2 months after the peak of Benguela Niña (Figure 5.2f), cold T10 anomalies coverage is 
reduced over the tropical Atlantic. The demise of the Benguela Niña along the coast of Angola 
and Namibia is remarkable. Northerly wind stress anomalies (weakened southerly or northerly 
wind stress) develop over the coastal cooling which can modulate the signature of the coastal 
cooling. Along the equatorial Atlantic, the ocean responds to the strong cross-equatorial 
southerly wind stress anomalies observed previously (Figure 5.2e) with an Atlantic cold tongue 
pattern well developed. Strong southeasterly and cross-equatorial southerly wind stress 
anomalies are located on the northern flank of the Atlantic cold tongue pattern whereas weaker 
wind stress than seasonal average on its southern flank. There is a convergence of the wind stress 
anomalies around 10°N which is fed by strong cross-equatorial southerly wind stress anomalies 
present on the northern flank of the Atlantic cold tongue. The wind stress anomalies forming the 
SAA are extended in the southwestern tropical Atlantic but are considerably weakened on its 
southeastern side over the cold waters.   
In conclusion, at interannual timescales, Benguela Niño or Niña events are remotely 
forced via IEKW propagations along the equatorial Atlantic. IEKW are triggered by westerly or 
easterly wind stress anomalies in the western equatorial Atlantic well noticeable 1 month before 
the coastal events peak on the composite analysis presented in Figure 5.1c (5.2c). Benguela Niña 
events seem to last more than Benguela Niño events as little differences were observed between 
the peak and 1 month after the peak for the Benguela Niña. Ocean-atmosphere coupling seems to 
be active 1 month before the peak of the warm (cold) event (Figure 5.1c (Figure 5.2c)) with 
northwesterly (southeasterly) wind stress anomalies in the southern tropic East of 20°W and 
could have also amplified northerly (southerly) wind-stress anomalies along the Angola coast. 
Westerly and easterly wind stress anomalies in the western equatorial Atlantic were observed 
concomitantly with northerly and southerly wind stress anomalies along the Angola – Benguela 
Current system as part of the basin-scale weakening and strengthening of the wind stress 
observed 1-2 months before the peak and during the peak of the Benguela events. This leads to 
think that the local wind stress can probably contribute to the development of the Benguela 






5.3 LOCAL WIND STRESS VARIABILITY IN THE SOUTHEAST ATLANTIC OCEAN 
 
In the tropical Atlantic Ocean, the seasonal cycle dominates the variability [Philander and 
Pacanowski, 1986; Ding et al., 2009]. It is important to understand the annual cycle to better 
interpret the monthly interannual anomalies from monthly climatology. For this purpose, Figure 
5.3 presents the seasonal cycle of meridional wind stress averaged in 4 locations; namely, 
Southern Angola between 10°S to 15°S from the coast to 1° offshore), ABF (between 16.5°S to 
17.5°S from the coast to 1° offshore), Northern Namibia (between 19°S to 24°S from the coast to 
1° offshore) and Southern Namibia between 26°S to 30°S from the coast to 1° offshore. Note 
that Southern Namibia is an upwelling area. The prevailing climatological wind stress is directed 
equatorward (positive values) in the 4 zones. The lowest amplitude of wind stress is observed in 
Southern Angola (in red, Figure 5.3) throughout the year [Rouault et al., 2007; Lass et 
Mohrhorlz. 2008; Ostrowski et al., 2009; Rouault. 2012; Rouault et al., 2017]. In Southern 
Angola, the wind stress values vary between 0.02 N.m-2 and 0.035 N.m-2. In the ABF zone,  
 
Figure 5.3: Annual cycle of OGCM meridional wind stress averaged in Southern Angola (10°S 
to 15°S from the coast to 1° offshore), in the ABF zone (16.5°S to 17.5°S from the coast to 1° 
offshore), in Northern Namibia (19°S to 24°S from the coast to 1° offshore) and in Southern 






wind stress values range between 0.02 N.m-2 and 0.095 N.m-2. There is a bimodal variation of 
wind stress with maxima in April - May season (between 0.08 N.m-2 - 0.09 N.m-2) and in 
October (~ 0.095 N.m-2) shown in Figure 5.3 (in black). Low values of wind stress are found in 
austral summer between January and February. Upwelling favourable wind is found south of the 
ABF [Hardman-Mountford et al., 2003; Rouault et al., 2007; Lass et Mohrhorlz. 2008; Rouault. 
2012]. Similar variations of the wind-stress is observed in Northern Namibia as in the ABF zone. 
Maxima in March – April (peak season of Benguela Niños and Niñas, cf. Figures 5.1d and 5.2d) 
and in October in Northern Namibia are observed. Wind-stress in ABF zone is stronger than the 
one in Northern Namibia from March to November. This difference between the mean winter 
meridional wind stresses in the two zones could be explained by the seasonal shift of the St 
Helena High system which intensifies the wind-stress near the ABF zone (~17°S) in austral 
winter as shown by Lass et al. [2008]. In Southern Namibia, the wind stress is low in austral 
winter with a minimum in June most likely due to the seasonal shift of the Intertropical 
Convergence Zone (ITCZ) which is located further North in austral winter [Boyd et al., 1987]. 
Conversely, the meridional wind stress in Southern Namibia is high in Austral spring/summer, 
period when the ITCZ is further south [Boyd et al., 1987]. Wind stress in Northern Namibia and 
in the ABF zone are higher than in Southern Namibia, especially between April and September. 
This is due to the seasonal shift of the SAA which moves northwestward in Austral fall and 
winter and moves southward again around Austral summer, triggering weak upwelling 
favourable southeasterly wind in Northern Namibia and strong upwelling favourable 
southeasterly wind in South Africa.  
 Figure 5.4 shows the local interannual monthly detrended anomalies of OGCM 
meridional wind stress in Southern Angola (a), ABF zone (b), and Northern Namibia (c) from 
1958 to 2015. The data are averaged within the 1° coastal fringe and smoothed with a 3-month 
running window (for display purpose only). Positive anomalies mean stronger than normal 
equatorward (southerly wind stress anomalies) wind stress, whereas negative anomalies mean 
weaker than normal equatorward wind stress (northerly wind stress anomalies). Climatology of 
wind stress from 1958 to 2015 reveals that the wind stress remains southerly especially in 
Angola, where weak wind stress is found throughout the year. The wind stress anomalies 
observed in the Southern Angola zone (Figure 5.4a) are weaker than the ones observed in the 2 





wind stress anomalies, the identified anomalous coastal T10 events (cf. section 4.2) are 
represented by the coloured rectangles and overlaid to the panels of Figure 5.4 (as in Figure 
4.1). There is an opposite relationship between interannual coastal wind stress anomalies and 
anomalous coastal events. At interannual timescales, most of the local positive and negative 
coastal events might be associated with negative and positive wind stress anomalies. It means  
 
 
Figure 5.4: Monthly detrended anomalies of OGCM meridional wind stress (black line, N.m-2) 
in (a) Southern Angola (SA) averaged from 10°S to 15°S and from the coast to 1°offshore, (b) 
Angola Benguela Front (ABF) region averaged from 16.5°S to 17.5°S and from the coast to 1° 
offshore, and (c) Northern Namibia (NN) averaged from 19°S to 24°S and from the coast to 1° 
offshore. Green line in each domain represents detrended anomalies of meridional wind stress 
smoothed with a 3-month running windows. Red (blue) and light red (light blue) rectangles 
represent extreme warm (cold) and moderate warm (cold) coastal events respectively along the 





that northerly and southerly wind stress anomalies could trigger or favour warm and cold coastal 
events along the southwest African coast consistently with the composite maps of Benguela Niño 
(Figure 5.1) and Benguela Niña (Figure 5.2) events peaking in March – April. For instance, 
during the 2010/2011 Benguela Niño, low values of wind stress anomalies (~0.005 N.m-2) are 
observed in the Southern Angola and the ABF zones in November 2010. In Northern Namibia, a 
reduction of upwelling favourable winds is observed in November 2010 (~ -0.005 N.m-2), 
December 2010 (~ -0.01 N.m-2), January 2011(~ -0.011 N.m-2) and March 2011(~ -0.014 N.m-2) 
before strengthening again in April and start cooling the event. Similar observations are found in 
Rouault et al. [2017] who observed that in Namibia lower than normal southeasterly upwelling 
favourable winds are observed in 2010/2011 especially in November 2010, December 2010 and 
March 2011. Northerly wind stress anomalies associated with the extreme coastal warm event in 
1998. In this case, the wind stress along the southwestern coast of Africa will favour the positive 
T10 anomalies. The undocumented Benguela Niños 1958/1959 and 1974 are associated with 
northerly wind stress anomalies along the Angola – Namibia coastlines 1 month before their 
onsets. Whereas 1 month before the onset of the 1960/1961 Benguela Niño, northerly wind stress 
anomalies develop in Southern Angola and ABF, but southerly wind stress anomalies are 
observed in Northern Namibia. Conversely, 1 month before their onsets, undocumented 
Benguela Niñas 1979/1980, 1980/1981 and 1985 are associated with southerly wind stress 
anomalies along the southwest African coast. But 1 month before their onsets, the 1965 and 1978 
undocumented Benguela Niñas are linked to southerly wind stress anomalies in Southern Angola 
and ABF and northerly wind anomalies in Northern Namibia. Surprisingly, absolute values of 
correlation between the local meridional wind stress and the anomalous coastal events are higher 
in Southern Angola than in the ABF zone or Northern Namibia (Table 5.1, 1st row) even though 
there are no upwelling favourable wind in Southern Angola. These correlations are confirmed in 
the composite maps in Figures 5.1c and 5.2c, where the presence of the alongshore wind stress 
anomalies is observed mostly along the west African coast 1 month before the peak of the events 
for the 5-extreme events average. For example, in Figure 5.1c, strong northerly wind stress 








Figure 5.5: Same as Figure 4.4, with additional blue line with open circles that represents the 
surface coastal meridional wind stress (TYint from OGCM, averaged within the same domains as 
T10, N/m2/month) shifted forward by 1 month (leading T10 by 1 month, in agreement with 








Correlations Southern Angola ABF Northern Namibia 
T10 – TY -0.82 -0.67 -0.36 
T10 – EKW2 0.72 0.79 0.75 
EKW2 - TY -0.52 -0.58 -0.25 (x) 
 
Table 5.1: Correlation between intensities of OLM IEKW mode 2 (EKW2) along the equatorial 
Atlantic and T10, TY (local meridional wind stress) calculated in the three coastal zones 
(Southern Angola, ABF and Northern Namibia). The cross in the last column means no 
statistically significant at 95%. 
 
Also, during the extreme coastal warm events 1962/1963 and 1976/1977, northerly wind stress 
anomalies are associated with positive anomalies of T10 observed in the Southern Angola zone, 
but are not observed in the 2 other domains (Figure 5.4). This suggests that there was no 
upwelling favourable wind in Northern Namibia during the 1962/1963 and 1976/1977 extreme 
warm events. This means that these extreme coastal events are not associated with variations of 
the upwelling favourable wind stress in Northern Namibia but could be favoured by weaker than 
normal local wind stress along the Angola Coast. Figure 5.5 is an update of Figure 4.4 and 
illustrates the intensities of the equatorial forcing (IEKW mode 2) and the local forcing (TY) 
with respect to each of the anomalous coastal T10 anomalies events. Note that the original time 
series of anomalies of IEKW mode 2 along the equatorial Atlantic and local meridional wind 
stress anomalies are shifted forward to lead the T10 anomalies by 1 month before computing the 
intensities with respect to the period when the coastal events occur. Figure 5.5 gives a better 
appreciation of this opposite relationship. In most of the coastal event cases, positive or negative 
T10 anomalies are associated with positive or negative intensities of IEKW mode 2 anomalies, 
concomitantly with negative or positive intensities of local meridional wind stress anomalies 
along the west coast of Africa. This confirms that both forcings could act concomitantly as part 
of a large-scale forcing during the onset of the coastal events for some specific cases as observed 
in Figures 5.1c and 5.2c. For example, it is the case for the Benguela Niñas 1983, 1991/1992, 
1996/1997 which are associated with negative intensity of IEKW mode 2 (upwelling equatorial 





alongshore wind stress than seasonal average), both forcing observed 1 month before the onset of 
the cold events. Conversely, Benguela Niño events 1995, 1997/1998, 2010/2011 are linked to 
positive intensity of IEKW mode 2 (downwelling equatorial Kelvin wave) and a negative 
intensity of local meridional wind stress anomalies (weak alongshore wind stress than seasonal 
average) observed 1 month before the onset of the cold events. For some coastal events, the 
intensity of T10 anomalies, IEKW mode 2 and local meridional wind stress anomalies can match 
only over one or two zones of interest as described previously. For example, Figure 5.5c reveals 
the presence of upwelling favourable wind stress in Northern Namibia (intensity of local 
meridional wind stress ~2 N/m2/month) during the 1962/1963 Benguela Niño which could have 
stopped or damp the extreme warm event in Northern Namibia. However, in Southern Angola 
(Figure 5.5a) there is a link between intensities of T10 anomalies (~ 20°C/month), IEKW mode 
2 (~ 10 cm/month) and local wind stress (~ -10 N/m2/month). This means that 1 month before 
the onset of the coastal event, downwelling IEKW mode 2 propagates in phase with weaker than 
normal meridional wind stress along the Angolan coast. In the ABF zone (Figure 5.5b), 
intensities of T10 and IEKW mode 2 remain constant, but the wind stress start to become 
stronger than normal (~5 N/m2/month). During the extreme warm coastal event 1976/1977, 
weaker than normal wind stress are present (intensity of ~ -3 N/m2/month) in Southern Angola 
(Figure 5.5a). Surprisingly, this extreme warm coastal event is associated with an upwelling 
EKW mode 2 (intensity of ~-1 cm/month). At the same time, the wind stress becomes stronger 
than normal in the ABF zone (Figure 5.5b) and Northern Namibia (Figure 5.5c) leading to 
stronger than normal upwelling favourable wind stress. It means that the 1976/1977 extreme 
warm event might not have equatorial origin and could be locally forced in Southern Angola 
since alongshore wind stress is weaker than usual. T10 anomalies are then advected poleward 
across the ABF up to 24°S (cf. Figures 4.7 and 4.8) even though the upwelling favourable wind 
stresses are present in the ABF zone and Northern Namibia. Even though there is no wind driven 
upwelling in Southern Angola, the relationship between local wind stress and T10 anomalies 
seems to work well for the 1976/1977 extreme warm event. The local meridional wind stress in 
Southern Angola is also linked to the large-scale wind pattern as depicted in Figures 5.1c and 
5.1d as this event was used to composite the T10 anomalies. Correlation values shown in Table 
5.1 (1st row) mean that there is a negative correlation of -0.82 statistically significant at 95% 





correlation between TY and T10 decrease in absolute value as we move polewards, but remains 
statistically significant at 95% (Table 5.1, 1st row). Statistically significant anti–correlations at 
95% of -0.52 and -0.58 are found between intensities of IEKW mode 2 and TY from Southern 
Angola to ABF zone respectively (Table 5.1, 3rd row). It means that 1 month before the onset of 
a coastal warm or cold interannual events, downwelling or upwelling EKW propagate along the 
equatorial Atlantic whereas weaker or stronger than normal meridional winds are present in 
Southern Angola and the ABF zone respectively. It means that wind forced EKW in the western 
equatorial Atlantic could be part of the large-scale wind stress pattern as shown in Figures 5.1 
and 5.2. In Northern Namibia, there is a non-significant correlation at 95% between intensities of 
IEKW mode 2 and TY anomalies. Moreover, Figures 5.1c and 5.2c, Table 5.1 (1st row) show 
that meridional wind stress anomalies in Northern Namibia domain are less correlated with T10 
anomalies than in the two other zones. This could be explained by the fact that the Northern 
Namibia domain is more dynamic (upwelling zone) than the Southern Angola and ABF domains, 
which even makes the identification of anomalous event difficult. For example, in Figure 4.3a, 
out of 26 extreme events, only 17 were recorded in Northern Namibia while it was 26 for the 
each of the 2 other zones of interest. 
Figure 5.6 shows lag correlations between local meridional wind stress (TY) and T10 
anomalies in the three zones of interest respectively. Negative correlation ~-0.5 statistically 
significant at 95% occurs when the local meridional wind stress anomalies lead the T10 
anomalies by 1 month in Southern Angola, in ABF zone (~-0.3), but by 0 to 1 month in Northern 
Namibia (~-0.3) for the period 1958 – 2015. This is expected in an upwelling region where 
coastal ocean responds rapidly to upwelling-favourable wind stress. This is also confirmed in the 
Southern Namibia upwelling region (25°S to 30°S), where the meridional wind stress anomalies 
and T10 anomalies are strongly anti-correlated (~-0.56) at lag 0 (not shown). Meridional wind 
stresses are weak throughout the year in Southern Angola (Figure 5.3 and 5.4a) where the 
highest correlation is found (Table 5.1, 1st row) and as discussed, some extreme coastal events 
(1962/1963 and 1976/1977) are not associated with northerly wind stress anomalies in the ABF 
zone and Northern Namibia. Statistically significant correlations at 95% are also observed when 
the detrended anomalies of meridional win stress lead the T10 by 0 and 10 months in Southern 
Angola (Figure 5.6a), 0 to 7 months in the ABF zone (Figure 5.6b) and 0 to 2 months in 






Figure 5.6: Local correlation analysis between monthly detrended normalized anomalies of 
OGCM meridional wind stress (TY) and T10  anomalies (T10A) in a) Southern Angola averaged 
from 10°S to 15°S and from the coast to 1°offshore in function of the Lag (in months); b) Angola 
Benguela Front region averaged from 16.5°S to 17.5°S and from the coast to 1° offshore in 
function of the Lag (in months); and c) Northern Namibia averaged from 19°S to 24°S and from 
the coast to 1° offshore in function of the Lag (in months). For all the panels, negative lags 
indicate that TY leads. The 95% statistically significant correlation threshold is indicated by red 
lines.  
 
Lagged correlation for each calendar month between the two time series is performed in 





parameters. This lag correlation is presented in Figure 5.7. Results show negative correlation 
(statistically significant at 95%) of -0.64, -0.73 and -0.54 occurring in March-April-May (MAM) 
respectively when meridional wind stress anomalies (TY) lead T10 anomalies in Southern 
Angola by 1 month. There is also a high anti-correlation (statistically significant at 95%) of ~-0.6 
occurring in April respectively when meridional wind stress anomalies (TY) lead T10 anomalies 
in Southern Angola by 2 months. These correlations indicate a strong link between austral fall 














Figure 5.7: Lag correlation between detrended anomalies of OGCM meridional wind stress 
(TY) and T10 averaged in Southern Angola and presented at each month of the year. 






Angola mostly in March – April and April respectively.  This is consistent with Figures 5.1b, 
5.1c, and Figures 5.2b, 5.2c where extreme warm and cold coastal events peaking in March – 
April are associated with large-scale wind pattern encompassing northerly and southerly wind 
stress anomaly respectively. This large-scale wind stress pattern develops in January – February 
(2 months before the peak) and intensifies 1 month later (February – March) along the Angolan 
coast. The presence of these alongshore wind stress anomalies along the Angolan coast is also 













Figure 5.8: Lag correlation between modelled detrended anomalies of OGCM meridional wind 
stress (TY) and T10 averaged in the Angola Benguela Front zone and presented at each month of 
the year from 1958 - 2015. Correlations statistically significant at the 95% level are greater than 
0.4 and lower than -0.4. 





the beginning of the northward migration of the SAA which could modify the local wind stress 
intensity during its ascension. Similar results were found by Lübbecke et al. [2010] who 
observed a correlation of -0.65 between the time series of interannual anomalies of February 
SAA index using sea level pressure averaged over 40°S to 20°S and 30°W to 10°W and SST in 
March averaged in the ABA box (10°S - 20°S and 8°E to the coast) between 1982 - 2007. Band 
of strong negative correlations (~ -0.5) appears in August (November) when the meridional wind 
stress anomalies lead the T10 anomalies by 1 to 2 (1 to 5) months. It means that austral 
winter/spring meridional wind stress anomalies influence T10 anomalies in the following season 
(or 1 to 2 seasons) later respectively.  
Southward, in the ABF zone, the significant correlation shading areas are reduced 
compared to Figure 5.7. The same analysis presented in Figure 5.7 is performed for the ABF 
zone in Figure 5.8. In August, correlation of ~-0.4 are reported when meridional wind stress 
anomalies (TY) lead T10 anomalies in the ABF zone by 1 to 2 months as in Southern Angola 
(Figure 5.7). At lag 0, correlation of ~-0.4 are also found in January, September and December 
between the two time series, meaning that the major warm or cold coastal events occur 
simultaneously with the weakening or strengthening of the local meridional wind stress which is 
part of the large-scale wind pattern. This result suggests that the anomalous events could be 
favoured by the local winds anomalies in the ABF zone since the coastal events are remotely 
forced by EKW from October to April [Imbol Koungue et al., 2017]. However, meridional wind 
stress in the ABF zone could be linked to the major coastal events occurring in Austral winter 
(June and August) at lag -1. There is no correlation in austral fall (March-April-May) in the ABF 
zone. This is also observed in Figures 5.1 and 5.2, where there are no wind stress anomalies 
along the coast in the ABF zone for the composite of extreme warm and cold events. 
Figure 5.9 shows that the two time series in Northern Namibia are correlated at lag 0 
(from January to February and from August to December) and at lag -1 (in January, June, August 
- September and December). There is no statistically significant correlation between March and 
May, during the Benguela Niños and Niñas peak season [Rouault et al. 2017]. This is most likely 
due the weak vertical stratification of the ocean in austral autumn and winter (associated with a 
well-mixed surface layer, Figure 5.10 and Figure 5.11), that inhibits the signature of the 
temperature vertical advection in the surface layer. But the highest anti–correlations (< -0.5) 





anomalies could favour the development of the T10 anomalies in Northern Namibia. 
Correlations lesser than -0.5 are also observed in August - September at lag -1.  
 
Figure 5.9: Lag correlation between modelled detrended anomalies of OGCM meridional wind 
stress (TY) and T10 averaged in the Northern Namibia zone and presented at each month of the 
year from 1958 - 2015. Correlations statistically significant at the 95% level are greater than 0.4 
and lower than -0.4. 
 
In conclusion, for most of the interannual coastal events, both remote oceanic and local 
atmospheric forcings are observed simultaneously being part of a large-scale forcing as 
concluded in section 5.1. At the monthly scale, local atmospheric forcing is more correlated with 
anomalous coastal events occurring in Southern Angola despite the total absence of upwelling 
favourable winds in Southern Angola mainly during March-April-May. Some anomalous coastal 





latter yields a well-mixed upper ocean that can reduce the signature of the anomalous coastal 
event. In this context, the following section will discuss the role of the local stratification in the 
coastal fringe during the interannual warm and cold coastal events.  
5.4 MODULATION OF THE EVENT INTENSITY BY THE LOCAL VERTICAL 
STRATIFICATION 
 
In the ocean, vertical density structure in water column is primarily controlled by ocean 
temperature and salinity. At interannual timescales, Benguela Niños or Niñas are mostly  
 
 
Figure 5.10: a) Vertical section of potential density derived from OGCM temperature and 
salinity, averaged within 1° coastal fringe from 30°S to 0°S and presented in the upper 150 m 
during: a) austral summer (DJF). From the red to blue means from less dense to denser waters. b) 
Same as a) but for austral winter (JJA). The seasonal cycle of potential density is computed from 
1958 to 2015. Contours represent every 1 sigma layer. 
remotely forced via equatorial Kelvin waves propagations [Bachèlery et al., 2016a; Imbol 





poleward along the southwest African coastal strengthening or reducing the local current 
magnitude. These coastal trapped waves could also change the vertical density gradient (vertical 
stratification). Depending on the season, the vertical stratification could modulate the signature 
of the coastal trapped waves at the sea surface. It has been suggested by Bachèlery et al. [2016a] 
and Imbol Koungue et al. [2017] that local stratification could modulate the major coastal events 
(cf. Chapter 3). As argued in Chapter 3 (section 3.2.4), most of the major and minor coastal 
events occurred between October and April (Figures 3.8 and 4.3) and the occurrences of these 
coastal events were attributed to the local stratification which was favourable to the imprint of 
these coastal events at the surface during this season. Hence, it is important to quantify the local 
vertical stratification at seasonal scale. 
 Figure 5.10 shows the nearshore potential density (averages within the 1°-width coastal 
fringe) derived from OGCM temperature and salinity during two seasons (the austral summer 
and the austral winter) along the southwest African coast from 30°S to 0°S. The seasonal cycle 
of potential density was first computed over 1958 – 2015. Less dense water layers are found at 
the top of the dense colder waters associated with lower densities (isopycnals 20 - 25) in austral 
summer than in austral winter. The lowest value of the potential density σ = 20 is found in 
austral summer (Figure 5.10a) at the surface around 6°S location of the Congo River. This low 
potential density is associated with the runoff discharge of the Congo River in the Atlantic 
Ocean. Note that the realism of this model simulation with regards to the prescribed river runoff 
has already been proved by the study of Hernandez et al. [2016] with the same resolution. A 
well-structured and stratified water column in austral summer compared to the one in austral 
winter. In December-January-February (Figure 5.10a), a rise of isopycnals tilted poleward and 
outcropping South of 23°S is observed. This allows cooler and denser upwelled waters to be at 
the surface marking the signature of the upwelling regime. Also, according to Bachèlery et al. 
[2016a], the Lüderitz upwelling cell causes abrupt change in stratification south of 26°S.  
During austral winter (Figure 5.10b), the Congo River signature associated with low 
density waters in the upper layers at ~ 6°S, is not well marked as in austral summer (Figure 
5.10a). The isopycnal σ = 26 outcrops 3 times (around 18°S, 25.5°S and 28°S) and the less dense 
water is located in the upper 30 m at ~ 0°S and 5.5°S. This could lead to affirm that the nearshore 
water column along the southwest African coast is more stable and stratified in austral summer 





Atlantic Ocean, the Brunt Väisälä Frequency (N) is calculated using the formula:   
 
where g is the gravity acceleration 9.8 m.s-2, r0 is the reference density taken at 1025 kg.m-3 and 
∂ρ/∂z is the vertical density gradient. The mean austral summer (DJF) and austral winter (JJA) 
seasons are shown in Figure 5.11 similarly to Figure 5.10. It is important to remind that the 
Brunt-Väisälä frequency (N), is often used to express the degree of stratification [Väisälä, 1925],   
 
 
Figure 5.11: Vertical section of Brunt Väisälä Frequency given by N in 10-2s-1 computed from 
OGCM over 1958 to 2015 averaged within 0.5° coastal fringe from 30°S to 0°S and presented in 
the upper 150 m during: a) Austral summer (DJF) b) Same as a) but for Austral winter (JJA). 
Contours represent 0.01 s-1 and 0.02 s-1. Values between 0 and 0.01 s-1 are negligible.  
 
or more precisely, the natural frequency of oscillation for a water parcel displaced adiabatically 








high values of N. In Figure 5.11a high values of N are located in the upper 100 m with 
maximum of 0.11 s-1 around 6°S in the upper 10 m. Note that maximum values of N are found 
within the thermocline as they are associated with strong temperature gradients. This latitude 
(6°S) corresponds to the place where the runoff (less dense fresher water) from the Congo River 
flows into the Atlantic Ocean (Figure 5.10a). The wind stress is weak throughout the year in the 
Southern Angola domain (Figure 5.3), also north of it, which induces weak vertical mixing in 
the upper ocean, increasing the local coastal surface stratification with the presence of warm 
tropical waters at the surface. This might explain the presence of strong stratification north of 
12°S during the two seasons. The iso-contour 0.02 s-1 can be observed from the 0°S in the upper 
40 m continuously up to around the latitude of 23°S in the upper 15 m and twice separately south 
of 24°S. The iso-contour 0.02 s-1 is close to the surface around 23°S, suggesting the end of the 
strong stratification. Notably, at this latitude (~23°S), Figure 5.10a shows that the isopycnal σ = 
25 reaches the surface. Note the presence of iso-contour 0.01s-1 from the surface to 100 m depth 
at 0°S all the way to 30°S, where it is observed in the upper 70 m. The presence of the iso-
contour 0.02 s-1 continuously up to 23°S where it is close to the surface and the presence of the 
iso-contour 0.01 s-1 up to 30°S suggests that south of 23°S, the stratification is weak either in 
austral summer or in austral winter as it is an upwelling area. The upper ocean layers are 
permanently mixed, and this suggests that south of 25°S, it is difficult to track the CTW at the 
sea surface. However, in austral winter (Figure 5.11b), the highest value of N (0.09 s-1) is 
observed around the Congo River area (~6°S) as in Figure 5.11a. South of 13°S, the 0.01 s-1 
contour deepens to around 30 m and in the upper 30 m, there is no stratification. Bachèlery et al. 
[2016a] suggested that the stratification of the water column along the southwest African coast 
controls the efficiency by which CTW can trigger temperature anomalies through vertical 
advection process. A strong and well stratified water column is observed in austral summer up to 
~23°S meaning that change in water column characteristics during the propagation of CTW will 
be more effective in austral summer than in austral winter. In austral summer vertical 
stratification will be more prone to track the CTW at the sea surface at least up to around 23°S. 
After quantifying the seasonal vertical stratification of the water column and arguing its seasonal 
influence on the CTW propagations, the vertical stratification variations at interannual timescales 
is investigated. Note that it is difficult to disentangle the signature of the CTW onto the 





stratification at interannual timescales. Therefore, time series of vertical temperature gradient, 
vertical stratification and correlation table between parameters shown below are computed at lag  
 
 
Figure 5.12: OGCM Monthly detrended normalized anomalies from 1958 to 2015 of N (blue 
line) and Vertical Temperature Gradient (VTG) (black line) averaged in the upper 50 m in a) 
Southern Angola averaged from 10°S to 15°S and from the coast to 1°offshore; b) Angola 
Benguela Front region averaged from 16.5°S to 17.5°S and from the coast to 1° offshore; c) 
Northern Namibia averaged from 19°S to 24°S and from the coast to 1° offshore. Red (blue) and 
light red (light blue) rectangles represent extreme warm (cold) and moderate warm (cold) coastal 
events respectively along the Angolan-Namibian coastlines identified in Figure 4.1. 
 
0. Figure 5.12 presents the detrended normalized anomalies of vertical temperature gradient (-





zones of interest at lag 0. The term (-∂T/∂z) is computed because I did not consider the (-) in the 
calculation of the Brunt Väisälä frequency. From the top to the bottom panels, most of the 
positive or negative anomalous coastal events are linked to positive or negative anomalies of 
vertical temperature gradient and the Brunt Väisälä frequency respectively. This result indicates 
that mostly during the anomalous warm and cold coastal events, the water column stratification 
given by the Brunt Väisälä frequency tends to anomalously increase and decrease respectively. 
This means that the water column and the vertical stratification move together. Also, this 
anomalous increase or decrease of the vertical stratification will depend on the season (Figure 
5.11). Similarly, the vertical temperature gradient anomalies averaged in the upper 50 m seems 
to vary concomitantly with the anomalies of Brunt Väisälä frequency according to positive or 
negative coastal events. 
 
Correlations Southern Angola ABF Northern Namibia 
VTG - N 0.67 0.98 0.99 
N - T10 0.64 0.39 0.48 
 
Table 5.2: Correlation between vertical temperature gradient (VTG), Brunt Väisälä frequency N, 
both averaged in the upper 50 m and T10 monthly detrended normalized anomalies averaged in 
Southern Angola, ABF zone and Northern Namibia). 
 
The fact that the vertical gradient of temperature and the Brunt Väisälä frequency seem to vary in 
the same way in general, means that as vertical temperature gradient anomalously increases and 
decreases during positive and negative coastal events, the local stratification anomalously 
increases and decreases in the upper 50 m respectively. This is because the Brunt Väisälä 
frequency is function of the vertical temperature gradient. Moreover, vertical temperature 
gradient and Brunt Väisälä frequency anomalies vary similarly in the ABF and Northern 
Namibia zones. This is confirmed in Table 5.2 (1st row) where the correlations between the 2 
parameters are almost 1. However, in Southern Angola, there is a correlation of 0.67 between 





Southern Angola compared to ABF and Northern Namibia zones is due to the Brunt Väisälä 
frequency anomalies which is not only function of vertical temperature gradient anomalies. 
Brunt Väisälä frequency in Southern Angola could be highly impacted by intrusion of anomalous 
salinity waters coming from the surrounding river runoffs during warm or cold events. Also, in 
Southern Angola, T10 anomalies are more correlated with the Brunt Väisälä frequency (0.64) 
compared to vertical temperature gradient (0.39). This coherence between the two parameters is 
expected since the negative vertical temperature gradient is proportional to the vertical density 
gradient. For the interannual variations of local vertical stratification, it is important to mention 
that it is not possible to know if it is the local vertical stratification which is at the origin of the 
signature of the coastal events or if it is the coastal events which modify the local vertical 





In this section, OGCM T10 interannual anomalies are used to compute a composite analysis 
using 5 extreme coastal warm and cold events that peak in March – April and look at the large-
scale wind stress pattern during the onset and the development of these extreme coastal events. 
Results suggest that significant maximum warming and cooling areas extend from the equatorial 
Atlantic to the southeastern Atlantic up to ~25°S along the Namibian coastline for both 
categorized events. However, cooling spatial pattern during the cold coastal event covers a larger 
area than the warming one in the tropical Atlantic. Also, Benguela Niña events seem to persist 
more than Benguela Niños. A tendency of Atlantic Niño or Niña to follow Benguela Niño or 
Niña is observed. Lagged composites of temperature at 10 m and wind stress anomalies reveal 
that both local and remote forcings develop simultaneously 1-2 months before the peak of 
Benguela Niños or Niñas (Figures 5.1bc and 5.2bc). Evidences of ocean-atmosphere coupling 
were also depicted south of the equator mainly during the extreme warm and cold events. For 
example, Wind-Evaporation-SST feedback seemed to be at work 1 month before the peak of 
warm (cold) events (Figure 5.1c (Figure 5.2c)) with weakened (strengthened) southeasterly 





The role played by local wind stress as part of the large-scale wind stress circulation is 
also investigated. Results suggest that during most of the warm or cold anomalous coastal events, 
northerly or southerly wind stress anomalies are observed along the west African coast (Figure 
5.4 and 5.5), but mainly in Southern Angola (Table 5.1) despite the total absence of upwelling 
favourable winds in Southern Angola. Local meridional wind stress anomalies could favour the 
development of anomalous coastal events.  
OGCM outputs (temperature and salinity) have been used to quantify the seasonal 
vertical stratification of the water column between 1958 and 2015. Results showed that local 
stratification is stronger in austral summer than austral winter (Figure 5.11), mostly north of 
12°S where we find river discharges into the Atlantic Ocean (Congo river at around 6°S). 
Therefore, austral summer vertical stratification will be more prone to imprint the signature of 
the coastal trapped wave at the sea surface at least up to around 23°S. This is in agreement with 
the suggestion of Bachèlery et al. [2016a] and confirms the results of Chapter 3 (section 3.2.4). 
In Southern Angola, local vertical stratification could be under the influence of intrusion of 




















6 DISCUSSION, CONCLUSIONS AND PERSPECTIVES 
 
The tropical southeastern Atlantic variability is examined at interannual timescales from 
1958 to 2015 with a focus on the variability in the Benguela upwelling system, along the coast of 
Angola, Namibian and South Africa. The thesis objectives aim to understand the processes 
associated with the phenology of the Benguela Niños and Benguela Niñas events, their links with 
the equatorial Atlantic Ocean and the potential contribution of the local forcing in the 
southeastern Atlantic Ocean.  
A first analysis is conducted from 1998 to 2012 period (15 years) because 1) PIRATA 
program provides in situ data from September 1997 only and 2) surface wind forcing is available 
to us until end of 2012. This study is the first to use a long time series (15 years) of PIRATA data 
to systematically detect equatorial Kelvin wave propagations along the equatorial Atlantic. This 
emphasizes the originality and uniqueness of this thesis. Additionally, satellite altimetry and 
outputs of an Ocean Linear Model were used.   
Most of our results are obtained through time series analysis predominantly composed of 
monthly anomalies relative to the seasonal cycle. Note that interannual and intraseasonal 
variabilities are present in the time series when the monthly seasonal cycle is removed from the 
monthly time series to calculate the anomalies. Bachèlery et al. [2016a] showed that along the 
Angola – Namibia coastline only interannual coastal variability is associated with remote 
equatorial forcing, while intraseasonal timescales are mostly triggered by local atmospheric 
forcing (in agreement with Goubanova et al. [2013]).  Considering SSHA equatorial 
propagations with amplitude exceeding 1 standard deviation of the time series for at least two 
consecutive months, allows filtering out most of the intraseasonal variability. It is the same for 
anomalous SSTA coastal events for which the amplitude exceeds 1 standard deviation of the 
time series during at least three consecutive months. This also ensures that the analysed 
timescales of variability lies in the same time-frequency range as the one of Bachèlery et al. 





coastal SSTA time series. 
Over the 1998-2012 period, the interannual OLM SSH outputs agree well with the 
equatorial observations emphasizing the dominance of the equatorial wave propagation signal on 
the equatorial variability over this period. This result allows us to extend the results from Illig et 
al. [2004] over a more recent period. 18 strong eastward equatorial Kelvin wave episodes in 
PIRATA and altimetric observations: 12 strong downwelling and 6 strong upwelling Kelvin 
waves are detected when using a methodology based on temporal and spatial coherence is 
applied to the OLM outputs. Note that not removing the linear trend in all the time series of 
anomalies would have impacted our results during the identification of the anomalous coastal 
events. Removing the trend also favours better comparison between the different products (in 
situ, satellite data, and model outputs). In the equatorial band, the second baroclinic mode of 
IEKW is the most energetic mode in agreement with findings of Illig et al. [2004]. Strong 
equatorial Kelvin wave signals are linked to Benguela Niño or Benguela Niña events along the 
western African coast. As illustrated in Table 3.3, performing correlations between time series of 
anomalies of IEKW mode 2 and coastal SST over the periods of strong interannual equatorial 
activities (removed uncorrelated equatorial propagations with coastal variability) increases the 
correlation values. Moreover, the seasonal cycle of the 5-month running correlation between 
equatorial activity and coastal variability over the identified strong equatorial propagation 
periods shows that values of the lag correlation between equatorial variability and SSTA in 
Southern Angola and in the Angola Benguela Front region reaches 0.75 in austral summer from 
October – April (Figure 3.8b). This result is encouraging to set up an early warning system for 
the Benguela Niño and Niña along the west African coast between Angola and Namibia. Along 
the west African coast, 12 out of 18 strong equatorial propagation of IEKW appear to be well 
connected with the warm or cold events This implies that 1/3 of strong equatorial propagations 
of IEKW mode 2 (positive episodes 2002 (March–May), 2007 (September–December), 2008 
(April–July), 2009 (April–June) and negative episodes 2009 (June–September) and 2011 (May–
August)) are not correlated with the coastal events. These uncorrelated events occur mostly in 
austral winter and could be due to the impact of local forcing (wind forcing) or the modulation of 
the signature of the anomalous coastal events by the local coastal stratification. The variability 
associated with the local surface forcing can be in phase or out of phase with the equatorial 





forcing along the western coast of Africa respectively. The local stratification being weak in 
Austral winter, it would be inefficient to imprint the SSTA or hinder the CTW signature at the 
surface during the onset of warm or cold coastal events.  
A correlation of 0.65 statistically significant at 95% (Table 3.1) between PIRATA 
dynamic height anomalies and OLM SSHA at [0°E; 0°N] allows the exploitation of the OLM in 
combination with an OGCM to investigate all the anomalous equatorial propagations and coastal 
events from 1958 to 2015. Following the methodology developed in Imbol Koungue et al. 
[2017], 55 anomalous coastal events are depicted, divided into 26 extreme events (16 warm, 10 
cold) and 29 moderate (13 warm and 16 cold) anomalous events over the period 1958 to 2015. 8 
newly identified warm interannual coastal events have been recorded; namely, the extreme warm 
events 1958/1959 (December – July), 1960/1961 (September - April), 1974 (April - July). 
Similarly, undocumented extreme cold events are identified in 1965 (September - December), 
1978 (March – May), 1979/1980 (October - May), 1980/1981 (October - April), 1985 (March - 
June). Most of these extreme warm and cold events occurred in the 3 coastal zones of interest 
excluding extreme cold events 1965 (September - December), 1978 (March – May) which 
develop only in Southern Angola and ABF zone. Note that few differences are observed in terms 
of period of the events (start and end) with the identified events in Chapter 3. For example, it 
was the case of the 2010/2011 (November – April) anomalous extreme coastal warm event in 
Chapter 3 and the 2010/2011 (September – April) using the OGCM in Chapter 4. This has to 
be attributed to the difference in length of the time series (58 years for OGCM vs. 15 years for 
the PIRATA period) which yields different monthly climatology, standard deviations and then 
different normalized anomalies. Also, the fact that OGCM does not perfectly agree with 
observations and the presence of warm bias along the Angola Benguela Current system could 
impact the time series by increasing or reducing the duration of a coastal event. This could also 
justify the fact that some anomalous coastal events identified in Chapter 3 are missing in 
Chapter 4 for example, coastal warm events 2003 (July – December), 2008/2009 (November–
January) which do not fulfil the criterion over the 1958-2015 period.  
Over the 1958 to 2015 period, most of the extreme and moderate coastal warm or cold 
events are linked to downwelling or upwelling IEKW mode 2 propagations in agreement with 
Chapter 3. There is a 1-month lag when detrended anomalies of IEKW mode 2 leads surface 





category of anomalous coastal events show that coastal events tend to peak during austral spring 
and late summer between October and April which is consistent with findings of Chapter 3. A 
poleward flow dominates the seasonal cycle of modelled meridional transport across the ABF in 
the upper 120 m with a minimum in October (~-1.4 Sv). This result does not fully agree with the 
finding of Rouault [2012] who used a different OGCM from 1982 – 2002 and found a bi-annual 
cycle in the modelled meridional transport across the ABF in the upper 250 m with two minima 
(February and October) and a reversal flow (equatorward flow) in June. This discrepancy has to 
be attributed to the different modelled meridional velocities (maximum or minimum meridional 
velocities position) provided by both simulations. At interannual timescales, meridional transport 
anomalies across the ABF might contribute to the development of anomalous coastal events as 
meridional transport anomalies could be linked to the passage of CTW at the ABF.  Surprisingly, 
a lag of 2 months is found when detrended anomalies of net mass transport across the ABF lead 
surface temperature anomalies in the Northern Namibia zone which is consistent with the study 
of Rouault [2012] who reported a lag ranging between 2 – 4 months. As observed in Figure 4.9, 
the correlation at lag -1 month in Northern Namibia (~-0.15) is also significant at 95%, like for 
the equatorial forcing (Figure 4.5). The fact that maximum anti-correlation occurs at 2 month-
lag (one month before the IEKW mode 2 forcing) could be due to the contribution of higher-
order IEKW modes which propagate slower than IEKW mode 2 or to the effect of the large-scale 
wind stress forcing. Figure 4.9 displays lags of 1 to 6 months when detrended normalized 
anomalies of meridional transport across the ABF lead detrended normalized anomalies of 
surface temperature in Northern Namibia. This range of lags (1 – 6 months) could be attributed 
to the slow advection of tropical waters in the Northern Benguela upwelling domain as found by 
Rouault [2012] or the speed or strength of the poleward undercurrent [Mohrholz et al., 2008]. 
Across the ABF, the estimation of meridional temperature transport compared to the estimation 
of the mass transport across ABF zone does not allow to strengthen the statistics used to 
highlight the connexion between the dynamics in the ABF region and the coastal temperature 
variability. It implies that the advection of anomalous warm or cold waters across the ABF and 
its link to anomalous coastal events in Northern Namibia can be well explained by the net mass 
transport across the ABF. February-March-April composite analysis (Figures 4.13 and 4.14) of 
detrended surface temperature anomalies performed along with December-January-February 





IEKW mode 2 anomalies along the equatorial reveals that all the extreme warm or cold events 
are linked to downwelling or upwelling propagations of IEKW along the equatorial wave guide 
during JFM, except the newly identified extreme warm events 1958/1959, 1960/1961 and 
extreme warm event 2010/2011. As agreed earlier, meridional transport anomalies across the 
ABF in DJF are not always associated with anomalies of surface temperature in Northern 
Namibia in FMA. This was the case for the Benguela Niñas 1985, 2010 and Benguela Niños 
1962/1963 and 1974. The strongest poleward flow across the ABF occurs in DJF 2000/2001 
compared to the other 8 extreme warm events (Table 4.3) and the strongest equatorward or 
weakest poleward flow across the ABF is recorded during DJF 1979/1980 compared to the other 
7 extreme cold events (Table 4.4). The strongest amplitude of downwelling EKW occurs in JFM 
1984 (Table 4.3). Conversely, the strongest amplitude of upwelling EKW occurs in JFM 1997 
(Table 4.4). 
In the tropical Atlantic Ocean, composite maps of T10 surface temperature and wind 
stress anomalies of extreme coastal events that peak in March – April show that cooling or 
warming pattern is observed up to ~25°S along the Namibian coastline. This latitude corresponds 
to the southernmost latitude where the coastal trapped wave propagations can be detected on 
coastal the surface temperature signal [Bachèlery et al., 2016a] being linked to anomalous 
coastal events. Benguela Niña events seem to persist more than Benguela Niño which agrees 
with the finding of Florenchie et al. [2004]. A tendency of Atlantic Niño or Niña to follow 
Benguela Niño or Niña is observed and is consistent with the previous findings of Richter et al. 
[2010] and Lübbecke et al. [2010]. Lagged composite maps of temperature at 10 m depth and 
wind stress anomalies reveal that local alongshore wind stress anomalies (local atmospheric 
forcing) occur concomitantly with remote forcing. Both local and remote forcing develop 
simultaneously 1-2 months before the peak of Benguela Niño or Niña in the tropical Atlantic 
Ocean and in North of the ABF. The analysis of these composite maps also reveals that wind 
stress anomalies along the equator are linked to coastal wind stress anomalies, which means that 
there is a large-scale pattern of wind stress. This large-scale circulation of wind stress persists 
during the peak of Benguela Niño or Niña. This suggests that both forcings (local and remote) 
are part of basin-scale weakening or strengthening of the wind stress during Benguela Niño or 
Niña respectively. This is consistent with the modelling study of Lübbecke et al. [2010] from 





that the whole SAA weakens prior to the Benguela warming and comprises weak trade winds 
and coastal winds. Ocean-atmosphere coupling process seems to be at work (1 month before the 
peak and during the peak of the event) as northwesterly or southeasterly wind stress anomalies 
are present over the warming or cooling area south of the equator (Figures 5.1c, d and 5.2c, d). 
At the monthly scale, local atmospheric forcing (part of the large-scale wind) is more correlated 
with anomalous coastal events occurring in Southern Angola (Table 5.1) despite the total 
absence of upwelling favourable winds in Southern Angola. This could be explained by, the 
ocean-atmosphere coupling south of the equator up to ~10°S which can lead to an intensification 
of northerly wind stress anomalies in Southern Angola. This could also explain the strong anti-
correlation observed in Southern Angola (Figure 5.6a and 5.7) when local meridional wind 
stress anomalies lead surface temperature anomalies by 1 month compared to the other coastal 
zones of interest. However, a potential contribution of the local surface heat fluxes has not been 
investigated in Southern Angola. Past studies [Florenchie et al., 2004; Rouault et al., 2007; 
Bachèlery et al., 2016a] showed that local surface heat fluxes tend to damp the anomalous events 
in the ABA box. Along the west African coast, the austral summer vertical stratification is more 
prone to imprint the signature of the coastal trapped wave at the sea surface at least up to around 
23°S. This agrees with the suggestion of Bachèlery et al. [2016a] and confirms the results of 
Chapter 3 (section 3.2.4). Results show that in Southern Angola, the local vertical stratification 
could be under the influence of intrusion of salinity anomalies created by the surrounding river 
runoffs. Moreover, local vertical stratification anomalies are found to be more correlated with the 
vertical temperature gradient anomalies in the ABF zone and Northern Namibia at lag 0.   
In conclusion, an OLM can be easily run using real-time satellite wind estimates or 
atmospheric model outputs. PIRATA parameters such as dynamic height and Z20, altimetry data 
are very important since they are available at real-time and could be used to set up an early 
warning system for anomalous coastal events in the southeast Atlantic Ocean (Benguela Niños or 
Niñas) or in the eastern equatorial Atlantic (Atlantic Niños). This could enable the creation of a 
bulletin for the Tropical Atlantic, as in the Pacific for El Niño or La Niña. The PIRATA array of 
moorings is very important for the monitoring of the Equatorial Kelvin wave activities and needs 
to be maintained. Across the ABF, the advection of warm or cold waters in the Northern 
Benguela upwelling system is a key factor for the development of anomalous coastal events. 





April), warming or cooling pattern was observed up to ~25°S along the Namibian coastline and 
Benguela Niña events last more than Benguela Niños. A tendency of Atlantic Niño or Niña to 
follow Benguela Niño or Niña has been observed. Both forcing (local and remote) could be part 
of basin-scale weakening or strengthening of the wind stress 1-2 months before the peak of 
Benguela Niño or Niña. Ocean-atmosphere coupling seems to be at work as northwesterly or 
southeasterly wind stress anomalies are observed over the warming or cooling area south of the 
equator East of 20°W. Local atmospheric forcing is more correlated with most of the anomalous 
warm and cold coastal events in Southern Angola (a non-upwelling wind-driven zone). This 
might be explained by the possible amplification of local wind stress in the Southern Angola 
through the ocean-atmosphere coupling process abovementioned which leads to contribute to the 
development of major warm and cold coastal events. Lastly, the results from this thesis open the 
possibility to predict Benguela Niños and Niñas, especially from October to April when the 
coastal water column is well stratified, using an Ocean Linear Model forced by wind speed, and 
altimetry and PIRATA data. Tide gauge and current meter available in real time in Angola and 
Namibia would complete the system and are much needed. 
 
Further work will involve a study of the specific coastal events for which the equatorial 
index failed to explain the coastal interannual variability, although some answers can already be 
found in the literature. The link between the Southern Angola and Northern Namibia domains 
needs to be better ascertain. Also, this study stresses out the importance to better ascertain the 
role of local variability (strength of local stratification, cloud cover, and turbulent fluxes) for 
each Benguela Niño and Benguela Niña event over 1958–2015. The role of the near coastal wind 
stress curl which drives the poleward boundary current will be analyzed. Moreover, possible 
correlation between meridional wind stress anomalies further equatorward with T10 anomalies 
further poleward will be performed. For this matter, the OGCM outputs provide each term of the 
heat budget calculated in the subsurface. This will be done in continuation of this study. In 
particular, more work is needed regarding the impact of the vertical ocean stratification on the 
coastal trapped wave thermodynamical signature and the impact of coastal interannual events on 
the coastal vertical stratification. The link between the surface detrended normalized temperature 
anomalies in Northern Namibia and the detrended normalized anomalies of meridional transport 
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